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RESUME 
Determination de la structure de PLMVd et implication dans son cycle de vie 
Par Audrey Dube 
Departement de biochimie 
Universite de Sherbrooke 
These presentee a la Faculte de medecine et des sciences de la sante 
en vue de l'obtention du grade de 
philosophiae doctor (Ph.D.) en biochimie 
19avril2010 
Les viro'ides sont de petites molecules d'ARN simple-brins circulates qui 
infectent les plantes et induisent une variete de symptomes. Les viro'ides ne codent pour 
aucune proteine, mais possedent une structure secondaire complexe qui leur permet 
d'accomplir differentes fonctions et d'interagir avec diverses composantes de leur hote. 
Pour completer leur cycle de replication, les viro'ides doivent necessairement interagir 
avec des proteines de leur hote. Quelques proteines ont deja ete identifiees pour se lier a 
certains viro'ides. Toutefois, avant le debut de mes etudes aucune proteine n'etait connue 
pour interagir avec le viroi'de de la mosai'que latente du pecher (PLMVd). Notre 
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laboratoire s'interesse justement au PLMVd, un viroi'de de la famille des Avsunviroidae 
qui se repliquent a 1'interieur des chloroplastes des plantes de pecher infectes. Ce viro'i'de 
se replique plus precisement par un mecanisme en cercle-roulant symetrique, ce qui 
implique que ses deux polarites utilisent exactement le meme mecanisme et possedent 
done plusieurs caracteristiques similaires. Toutefois, quelques legeres differences 
biochimiques avaient ete recensees entre les deux polarites. 
Par le passe, l'equipe de notre laboratoire a determine la structure secondaire de la 
polarite positive a l'aide de differentes techniques. Afin de comparer les deux polarites, il 
devenait important de proceder a l'analyse de la structure secondaire de la polarite 
negative. Grace a cette etude, des similitudes et des differences entre les deux ont pu etre 
localisees. Ces resultats seront essentiels pour la poursuite de plusieurs etudes sur 
PLMVd. Par exemple, cette structure sera certainement utile pour etudier la liaison de 
differents partenaires proteiques ainsi que pour l'analyse des petits ARN interferents 
provenant de PLMVd. 
Une analyse plus approfondie de la structure secondaire et tertaire des deux 
polarites de PLMVd a ete amorce par la methode d'acylation selective de l'hydroxyle de 
1'ARN analysee par extension d'amorce (SHAPE). Cette etude a permis de comparer la 
structure de deux variants et a permis d'identifier de nouveaux motifs, tel qu'un 
cruciforme a 1'interieur de la tige Pll et un pseudonoeud entre les boucles LI et LI 1. 
Une analyse informatique de toutes les sequences connues de PLMVd a ete realisee et a 
permis de verifier le potentiel de ce pseudonoeud pour tous les variants de PLMVd. 
Par la suite, une etude sur des interactions possibles entre PLMVd et des proteines 
provenant de feuilles de pecher a ete entreprise. Lors de cette recherche, differentes 
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methodes de detection des interactions ARN-proteine ont ete utilisees, certaines sans 
succes. L'approche faisant appel a des hybridations de type northwestern rut profitable et 
permis d'identifier quelques proteines cellulaires capables d'interagir avec PLMVd. La 
caracterisation de certaines interactions a par la suite ete realisee pour permettre de mieux 
definir la liaison du facteur d'elongation 1-alpha (eEFIA) sur PLMVd. 
Finalement, differents projets satellites ont ete inities et concernent l'implication 
de certains elements de structure de PLMVd in vivo. lis seront decrits au dernier 
chapitre. Ces travaux ont ete realises en collaboration avec un groupe de recherche de 
Belgique et ont mene a l'inoculation de plusieurs mutants de PLMVd. 




On suspecte que les virus infectent les organismes vivants depuis le debut des 
temps (FORTERRE 2006). Toutefois, c'est seulement vers la fin du 19e siecle que les 
chercheurs ont mis en evidence pour la premiere fois ces pathogenes (NORRBY 2008). 
Les virus sont composes habituellement d'une ou plusieurs molecules d'acide 
ribonucleique ou desoxyribonucleique entourees d'une capside proteique et protegees 
dans certains cas par une enveloppe lipidique (figure 1). lis sont considered comme des 
entites a la limite du vivant puisqu'ils ont cette caracteristique unique d'etre dependants 
d'une cellule hote pour leur replication. Meme si leur origine demeure encore un mystere, 
plusieurs etudes ont pour objectif de comprendre le mecanisme d'action de ces 
minuscules particules infectieuses dans le but eventuel de limiter leur propagation. 
Apres la decouverte des virus, l'hypothese d'un pathogene encore plus petit 
n'etait pas envisagee par les chercheurs de l'epoque. Toutefois, lorsque le 
phytopathologiste Theodor O. Diener tenta d'identifier le pathogene responsable de 
certains symptomes observes sur ses plantes de pommes de terre (DIENER 2003), il flit 
surpris de conclure que ce dernier n'etait ni une bacterie, ni un virus. En effet, un isolat 
obtenu a partir d'une plante infectee et ayant subit une digestion proteique provoquait 
encore l'apparition de la maladie chez des plantes saines. Cependant, lorsque l'isolat etait 
soumis a une digestion des acides nucleiques, il ne pouvait plus transmettre la maladie. 
La conclusion etait simple : l'agent infectieux contenait seulement une molecule d'acide 
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Figure 1 Structure des virus 
Les virus infectieux, couramment nommes virions, sont composes d'une ou plusieurs 
molecules d'acide nucleique. Le genome peut etre sous forme d'ARN ou d'ADN. Ce 
complexe est retrouve a l'interieur d'une coque proteique nomm6 capside. Une des 
principales caracteristiques des virus est la forme de sa capside (par exemple cubique, 
icosaedre ou helicoi'dale). La capside est parfois entouree d'une enveloppe lipidique 
plus petit virus connu est le virus delta qui possede un seul gene et parasite lui-meme 
celui de l'hepatite B, tandis que le plus gros virus connu est le mimivirus avec un diametre 
qui atteint 400 nanometres et un genome qui comporte 1 200 genes. 
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nucleique et les proteines ne lui etaient pas essentielles. II a malheureusement ete difficile 
de faire accepter cette nouvelle decouverte a la communaute scientifique a ce moment. 
1. VIROIDES 
1.1. Generalites sur les viroTdes 
Encore aujourd'hui, les viroi'des sont, avec la proteine prion, les plus petits agents 
infectieux connus. Les viroi'des sont composes seulement d'une molecule d'acide 
ribonucleique (ARN) monocatenaire circulaire d'environ 240 a 400 nucleotides. 
Contrairement aux virus, ils n'encodent pour aucune proteine et ne possedent ni capside, 
ni enveloppe. Par consequent, les viroTdes necessitent des composantes de l'hote pour 
completer leur cycle de replication, dont une ARN polymerase. Puisque leur genome est 
circulaire, les viroi'des se repliquent par un mecanisme en cercle-roulant et peuvent ainsi 
produire plusieurs copies de leur genome a l'aide d'une seule molecule circulaire. De 
plus, certains viroi'des possedent un motif ARN autocatalytique qui permet le clivage du 
genome multimerique en monomeres, et ce, sans l'aide de proteine. 
Les viroi'des infectent seulement les plantes superieures et provoquent une variete 
de symptomes plus ou mo ins graves. Ces symptomes peuvent affecter la qualite des fruits 
et des legumes, diminuer la croissance des plantes et parfois meme entrainer leur mort. A 
cause de ces symptomes, les viroi'des entrainent chaque annee des pertes importantes dans 
le secteur de Pagriculture. Aucun viroide n'a ete detecte jusqu'a present chez les animaux 
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et les humains, mais le virus de l'hepatite delta, qui infecte les cellules hepatiques 
humaines, possede quelques similarites avec les viroi'des. En effet, il est compose d'une 
seule molecule d'ARN simple-brin et se replique par un mecanisme en cercle-roulant qui 
implique l'activite d'un motif ARN autocatalytique. Toutefois, ce dernier, contrairement 
aux viroides, est dependant de la presence du virus de l'hepatite B. 
2. DETECTION DES VIROIDES 
Depuis leur decouverte, plusieurs techniques differentes ont ete utilisees pour 
detecter les viroides. Dans un premier temps, des hybridations de type northern ont ete 
employees (ROHDE et SANGER 1981). Par la suite, des gels en deux dimensions ont 
permis de visualiser certains viroides (SCHUMACHER et al., 1983). Quelques autres 
techniques ont aussi ete mises au point avec plus ou moins de succes. Par exemple, une 
hybridation de style dot blot a couramment ete utilisee pour la detection des viroi'des 
(FONSECA et al., 1996), mais une etude recente a demontre que cette technique 
donnait plusieurs faux-positifs en raison de l'hybridation de la sonde complementaire au 
viroi'de a des proteines cellulaires (WENXING et al., 2009). Pour detecter les viroides, 
la technique la plus utilisee aujourd'hui est sans aucun doute la transcription inverse 
suivie d'une reaction de polymerisation en chaine (PCR) sur un extrait cellulaire total ou 
un extrait d'ARN seulement (HOSOKAWA et al., 2006). Pour ce faire, des amorces 




3.1. Criteres de classification 
Plus d'une trentaine d'especes de viro'ide ont ete recensees au fil des annees 
(tableau 1) et enregistrees dans la base de donnee Subviral RNA Database (PELCHAT 
et al, 2000a). Comme chaque espece possede une grande variability de sequences, il a 
ete decide de maniere arbitraire en 1998 que les viroi'des ayant des sequences qui ont plus 
de 90% de similitude sont des variants qui proviennent d'une meme espece (FLORES et 
al., 1998). Si les sequences ont moins de 90% de similitude, elles sont considerees 
comme appartenant a des especes differentes. Toutes les especes de viro'ide decouvertes 
ont ete divisees en categories selon differentes caracteristiques. Parmi ces criteres, le 
niveau de conservation de leur sequence nucleotidique et la presence d'un motif central 
conserve ou d'un motif autocatalytique en « tete de marteau » ont ete consideres. D'autre 
part, le lieu et le mode de replication ont aussi permis de differencier les viroides. Selon 
ces criteres, les viroides ont ete separes en deux groupes (A et B) qui sont devenus plus 
tard deux families, soit la famille des Avsunviroidae et celle des Pospiviroidae. 
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Potato spindle tuber viroid (PSTVd) 
Tomato planta macho viroid (TPMVd) 
Tomato apical stunt viroid (TASVd) 
Mexican papita viroid (MPVd) 
Iresine viroid 1 (IrVd) 
Columnea latent viroid (CLVd) 
Citrus exocortis viroid (CEVd) 
Chrysanthemum stunt viroid (CSVd) 
Tomato chlorotic dwarf viroid (TCDVd) 
Apple scar skin viroid (ASSVd) 
Pear blister canker viroid (PBCVd) 
Grapevine yellow speckle viroid (GYSVd) 
Citrus viroid-III (CVd-III) 
Citrus bent leaf viroid (CBLVd) 
Australian grapevine viroid (AGVd) 
Apple dimple fruit viroid (ADFVd) 
Apple fruit crinkle viroid (AFCVd) 
Citrus viroid (CVd) 
Japanese citrus viroid 1 (JCVd) 
Coleus blumei-1 viroid (CbVd) 
Hop stunt viroid (HpSVd) 
Coconut cadang-cadang viroid (CCCVd) 
Hop latent viroid (HLVd) 
Coconut tinangaja viroid (CTiVd) 
Citrus viroid IV (CVd-IV) 
Avocado sunblotch viroid (ASBVd) 
Peach latent mosaic viroid (PLMVd) 
Chrysanthemum chlorotic mottle viroid 
(CChMVd) 




La famille des Pospiviroidae comprend les viro'ides qui se repliquent au noyau par 
un mecanisme en cercle-roulant asymetrique (figure 2A). Les viro'ides retrouves dans 
cette famille possedent une structure secondaire sous forme de longue tige-boucle. lis ont 
aussi une region centrale conservee (ou central conserved region, CCR), mais n'ont pas 
de motif autocatalytique. A Pinterieur de cette famille ont retrouve le celebre potato 
spindler tuber viroid (PSTVd), qui est en fait le premier viroi'de identifie par T.O. Diener 
(DIENER, 2003). Les viro'ides de la famille des Pospiviroidae sont aussi repartis en cinq 
genres : Pospiviro'ide, Ascaviroi'de, Coleviroi'de, Hostuviro'ide et Cocadviro'ide. 
3.2.2. Avsunviroidae 
Pour leur part, les viro'ides retrouves a Pinterieur de la famille Avsunviroidae se 
repliquent aux chloroplastes a Paide d'un mecanisme en cercle-roulant symetrique (figure 
2B) et ne possedent pas de motif CCR. Toutefois, ils possedent tous un motif ARN 
autocatalytique en «tete de marteau » essentiel a leur replication. Les viro'ides de cette 
famille possedent aussi une sequence riche en GC d'environ 50%, a Pexception de 
Vavocado sunblotch viroid (ASBVd) qui a un pourcentage GC de 38% seulement. 
Certains ont une structure similaire aux Pospiviroidae, tel que ASBVd, tandis que 
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Figure 2 Mecanisme de replication en cercle roulant utilise par les viroi'des 
(A) Mecanisme de replication asymetrique et (B) symetrique utilise par les viro'ides de la 
famille des Pospiviroidae et des Avsunviroidae respectivement. La polarite positive est 
representee en vert et la polarite negative en orange. Les sites de coupure sont identifies 
par les fleches rouges. La polymerase est representee en bleu et la ribonuclease et la 
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ligase encore inconnues impliquees dans le cycle asymetrique sont representees en brun 
et mauve respectivement. 
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latent mosaic viroid (PLMVd) et le chrysanthemum chlorotic mottle viroid (CChMVd). 
C'est une des raisons pour laquelle la famille des Avsunviroidae a ete divisee en deux 
genres, soit Pelamoviro'ide, dont le viroi'de type est PLMVd, et Avsunviroide, dans lequel 
on retrouve ASBVd. Seul le eggplant latent viroid (ELVd) n'a pas encore ete classifie 
dans un genre specifique. 
4. PROPRIETIES DES VIROIDES 
4.1. Proprietes biophysiques 
Le coefficient de sedimentation et le poids moleculaire de quelques viroi'des ont 
ete determines par ultracentrifugation. Ce coefficient est de 6.7 S pour PSTVd et varie de 
5.9 a 8.2 S pour le coconut cadang cadang viroid (CCCVd), un viro'i'de de la meme 
famille (RANDLES et al, 1982, SANGER et al, 1976). L'utilisation de 
l'ultracentrifugation a aussi permis d'estimer le poids moleculaire des viroi'des qui est 
entre 110 000 et 127 000 Da (SANGER et al, 1976). Lors de l'etude menee par Sanger, 
la circularite des viroi'des a aussi ete observee grace a la microscopie electronique en 
conditions denaturantes. Ainsi, grace a cette technique, des molecules circulaires de 
viro'ide ont pu etre visualisees. 
Pour sa part, la temperature de denaturation des viroi'des a ete etudiee, en autres, 
par la technique de gel d'electrophorese avec un gradient de temperature (TGGE). Le Tm 
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des viroi'des etudies varie entre 38 et 50 °C. II a aussi ete demontre par cette methode que 
la presence de MgCk semble stabiliser la structure des viroi'des (HENCO et al, 1979). 
4.2. Precipitation au chlorure de lithium 
Cette caracteristique est utilisee depuis longtemps pour comparer les viroi'des et 
ce, meme si son mecanisme demeure encore mal connu aujourd'hui. En effet, a la suite 
de certaines experimentations en vue de la purification des viroi'des, il a ete observe que 
certains viroi'des precipitaient dans une solution de 2 M de chlorure de lithium (LiCl) tout 
comme TARN 5S et 7S, mais non l'ARN 4S et l'ADN, deux principaux contaminants 
(GRANELL et al, 1983). A la suite de ces resultats, il a ete suggere que le 
comportement des viroi'des dans une solution de 2 M LiCl etait cause par la complexite 
de leur structure secondaire. Toutefois les viroi'des reagissent de maniere differente 
lorsqu'ils sont precipites dans une solution de 2 M LiCl. En effet, PSTVd et les autres 
viroides de sa famille sont solubles, tandis que PLMVd et CChMVd sont insolubles 
(NAVARRO et FLORES 1997). Toutefois, le mecanisme d'action du LiCl a ete mieux 
compris seulement lorsque des etudes structurales de quelques viroi'des ont ete menees 
(BARLOW et al, 1963; SEMANCIK et al, 1978; CATHALA et al, 1983; MANIATIS 
et al, 1989). Ainsi, la precipitation par le LiCl semble etre dependante de la structure 
secondaire des viroi'des et semble etre efficace seulement pour les viroides qui ont une 
structure tres branchee, tel que PLMVd. 
4.3. Structure secondaire 
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4.3.1. Pospiviroidae 
Les viroi'des rassembles dans la famille des Pospiviroidae possedent une structure 
secondaire sous forme de batonnet (figure 3A). Une analyse de similitude de sequences 
entre differents viroi'des de cette famille a ete realisee en 1985 (KEESE et SYMONS 
1985). Cette etude a permis de distinguer cinq domaines distincts a l'interieur de la 
structure des viroi'des appartenant a cette famille. Les cinq domaines sont le domaine 
central conserve (CCR), le domaine variable (V), le domaine associe a la pathogenicite 
(P) et les domaines terminaux gauche et droit (TL et TR respectivement). 
Les Pospiviroidae peuvent aussi former deux ou trois structures secondares 
alternatives qui seraient en mesure de reguler differentes phases du cycle de replication 
des Pospiviroidae (RIESNER et al., 1987). Ces structures ont une forme d'epingle a 
cheveux et ont ete baptisees HPI, HPII et HPIII. La structure HPII semble essentielle a 
l'infectivite de PSTVd (LOSS et ah, 1991), toutefois une etude recente a demontre que 
les tiges-boucles HPI et HPII n'etaient pas essentielles a la replication des viroi'des dans 
des cellules en culture (ZHONG et al, 2007). Le domaine P a ete associe a la 
pathogenicite a la suite de l'observation que la severite des symptomes causes par PSTVd 
pouvait etre correlee avec trois nucleotides seulement situes dans ce domaine (GROSS et 
al., 1981). Ce domaine P est caracterise par une repetition de cinq ou six adenosines (A) 
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consecutives de suite. Pour sa part, le domaine V est caracterise simplement par une 
grande variability de sequence, tel que son nom l'indique, mais 
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Figure 3 Structure secondaire des viroi'des 
(A) Structure secondaire de PSTVd un viroide de la famille des Pospiviroidae avec la 
representation des cinq domaines : le domaine central conserve (C), le domaine variable 
(V), le domaine associe a la pathogenicite (P) et deux domaines terminaux gauche et droit 
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(TL et TR respectivement). La boucle E est aussi indiquee a l'interieur du domaine C. (B) 
Structure secondaire de ASBVd et PLMVd, deux viroides de la famille des 
Avsunviroidae. ASBVd possede une structure secondaire en forme de batonnet, tandis 
que PLMVd possede une structure secondaire branchee. Pour chaque viroi'de, les sites 
d'initiation et de clivage sont specifies en rouge pour la polarite positive et en vert pour la 
polarite negative. Figure tiree de DING et IT AY A, 2007. 
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pourrait aussi etre associe a la pathogenicity. Meme si aucun role n'a ete associe aux deux 
domaines terminaux lors de lew identification, des rearrangements intermoleculaires dans 
ces regions ont deja ete observes (KEESE et SYMONS 1985) et le site d'initiation a ete 
plus tard identifie dans le domaine terminale de gauche (KOLONKO et al., 2006). 
La plupart des structures secondares des Popiviroidae ont ete analysees par des 
logiciels informatiques, tel que mFold (ZUKER 2003). Seule la structure de PSTVd a ete 
determine a l'aide de differentes techniques biochimiques (GAST et ah, 1996). En 1985, 
une experience a permis de detecter une liaison entre deux nucleotides des brins opposes 
a Pinterieur de la structure de PSTVd a la suite d'une irradiation aux rayons ultraviolets 
(U.V.). Ce motif etait similaire a un motif retrouve dans l'ARNr 5S (BRANCH et al, 
1985) et a ete appele boucle E {loop E). En ce qui concerne PSTVd, cette liaison a lieu 
entre le G98 et le U260 et est tres conservee, ce qui permet de lui suggerer un role 
fonctionnel encore inconnu. L'existence de ce motif sera plus tard confirme in vivo 
(EIRAS et al, 2007). 
4.3.2. A vsunviroidae 
Les viroi'des retrouves dans la famille des Avsunviroidae possedent soit une 
structure secondaire similaire a celles des Pospiviroidae, c'est-a-dire sous forme de 
batonnet, soit une structure branchee composee de plusieurs tiges-boucles (figure 3B). 
20 
Lors de leur replication, les viroi'des de cette famille adoptent une importante structure 
secondaire alternative nominee en « tete de marteau ». 
4.3.2.1. Motif en « tete de marteau » {hammerhead) 
Ce motif ARN permet au multimere du viroi'de nouvellement synthetise lors de la 
replication en cercle-roulant de s'auto-couper en monomeres. Ce motif est retrouve a 
l'interieur des deux polarites du genome des viroi'des de la famille Avsunviroidae, ce qui 
permet aux deux polarites de former des monomeres. 
Les ARN qui ont une activite catalytique sont aussi appele ribozyme, qui provient 
des termes acide ribonucleique (ribo) et enzyme (zyme). En plus du motif en «tete de 
marteau », d'autres motifs sont connus pour posseder une activite catalytique et jouer un 
role important au niveau cellulaire, tel que les introns du groupe I et la sous-unite d'ARN 
de la RNAse P (WU et ah, 2009). La reaction a lieu sans l'aide d'aucune proteine, ni 
cofacteur, mais la presence d'ions divalents est essentielle au bon repliement de l'ARN. 
De plus, le site de coupure d'un ARN catalytique a lieu a un site specifique seulement. 
L'activite de coupure du motif en « tete de marteau » se fait de maniere intramoleculaire, 
ou en cis, c'est-a-dire que la reaction est catalysee par l'ARN meme qui est coupe. 
Toutefois, la reaction peut aussi tres bien se faire en trans sur une molecule d'ARN 
differente de celle qui catalyse la reaction (Citti et al, 2005). Malgre cette possibility, 
aucun substrat naturel pouvant etre coupe in vivo en trans par un motif en «tete de 
marteau » n'a ete identifie jusqu'a maintenant. 
21 
Le motif en « tete de marteau » est represente en deux dimensions a la figure 4A 
et en trois dimensions a la figure 4B. Ce motif comprend 15 nucleotides essentiels au 
clivage (RUFFNER et al., 1990) qui sont retrouves au centre de trois helices (I, II et 
III). Les helices sont importantes, mais leur sequence peut varier. De plus, une interaction 
entre les boucles I et III favorise l'activite catalytique (DE LA PEN A et al., 2003). La 
catalyse se fait par un mecanisme Sn2, ou plus precisement par une attaque nucleophile 
du 2' hydroxyle (2'OH) au site de coupure. Le site de coupure a lieu a la cytosine 17. La 
reaction produit deux fragments ayant des extremites 2', 3'-phosphocyclique et 5'OH 
(figure 4C). Le motif «tete de marteau » peut aussi permettre la ligation, mais cette 
activite est 100 fois mo ins efficace que le clivage (HERTEL et UHLENBECK 1995). 
Dans le cas de ASBVd, il a ete demontre que le clivage peut se faire via un double motif 
« tete de marteau » (FORSTER et al, 1988), mais pour ce qui est de PLMVd, le clivage 
se fait grace a un seul motif (BE AUDRY et al, 1995). 
5. ORIGINE ET EVOLUTION DES VIROIDES 
5.1. Origine 
L'origine des viro'ides est basee encore aujourd'hui seulement sur des speculations 
et non sur des preuves scientifiques. Certains ont apporte l'hypothese qu'ils seraient un 
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Figure 4 Structure du motif autocatalytique en « tete de marteau » 
La structure du motif en tete de marteau est representee en deux (A) et trois (B) 
dimensions. Le site de clivage est indique par une fleche. Le mecanisme reactionnel du 
ribozyme en tete de marteau retrouve chez les viro'ides de la famille des Avsunviroidae 
est schematise en (C). Figures adoptees de (REYMOND et al, 2009) et (DOUDNA et 
CECH2002). 
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TARN serait apparu avant l'ADN ainsi que les proteines et aurait possede des activites 
catalytiques pour permettre sa replication. Un indice qui permet de supporter cette theorie 
est la presence encore aujourd'hui de plusieurs activites enzymatiques qui sont realisees 
par des molecules d'acide ribonucleique, tel que l'ARN de la RNAse P et les introns du 
groupe I (WU et al., 2009). Toutefois, si les viroi'des proviennent reellement d'une 
ancienne epoque, il est tres surprenant aujourd'hui de les retrouver seulement chez les 
plantes. Une autre hypothese, est que les viroi'des sont des anciens transposons (LEWIN 
1983) ou proviennent d'anciens introns qui auraient ete excises, mais qui aurait survecu 
dans la cellule en recrutant la machinerie replicative de son hote (DINTER-GOTTLIEB 
1986, LEWIN 1986). Pour conclure, puisque les chercheurs ne possedent toujours pas de 
preuve sur l'origine des viro'ides, toutes ces hypotheses sont encore valides et d'autres 
pourront encore etre suggerees. 
5.2. Quasi-espece 
Le modele de quasi-espece est utilise pour les especes qui ont un haut taux de 
mutation et pour lesquelles on retrouve plusieurs sequences dans Penvironnement. C'est 
le cas principalement pour les virus a ARN, puisque leur polymerase est tres peu fidele 
(DUARTE et al, 1994). Contrairement aux especes, c'est-a-dire des regroupements 
d'individus qui ont le meme genome, des variabilites genomiques sont normalement 
observes chez membres d'une quasi-espece. Chez les viroi'des, une forte variabilite 
nucleotidique a ete mesuree, et plus precisement, 36.8% du genome de PLMVd possede 
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des positions polymorphes (FEKIH HASSEN et al., 2007). Les viro'ides sont done des 
quasi-especes. II ne faut pas oublier toutefois que certaines regions de leur genome sont 
essentielles a leur replication, telles que quelques nucleotides du motif en «tete de 
marteau », et que peu de mutations, voir aucune, n'ont pu etre detectees dans ces regions 
(AMBROS et al., 1998). D'autre regions, n'ayant pas encore de fonction d'attribuee 
sont elles aussi conservees, par exemple le pseudonoeud P8 (BUSSIERE et al., 2000). 
D'autre part, une etude a permis de determiner le taux de mutation a l'interieur de 
la sequence du motif en « tete de marteau » du viroi'de CChMVd (GAGO et al., 2009). 
Celui-ci est 2,5 x 10"3 par site et par cycle de replication, ce qui correspond a une 
mutation tous les 400 nucleotides. C'est le plus haut taux de mutation connu jusqu'a 
maintenant chez les organismes replicatifs. Ces mutations peuvent etre tolerees par les 
viro'ides a cause de leur petit genome non codant. Finalement, ce taux d'erreur eleve est 
probablement du a la polymerase cellulaire ADN-dependante qui est plus ou moins 
specifique pour l'ARN des viro'ides, contrairement aux virus qui utilisent une ARN 
polymerase ARN-dependante. 
5.3. Evolution 
Comme mentionne prealablement, les viroides evoluent tres rapidement, 
principalement a cause de leur taux de mutations tres eleve. En plus des mutations, 
quelques exemples de rearrangements genomiques sont connus chez les viro'ides et 
auraient pu aider a leur evolution. Par exemple, chez le viroi'de cadang cadang du coconut 
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(CCCVd), des duplications genomiques ont ete retrouvees (KEESE et SYMONS 1985). 
Par ailleurs, il a ete suggere que la recombinaison a pu elle aussi participer a revolution 
des viroi'des a la suite d'une importante analyse de plusieurs sequences du PLMVd 
(FEKIH HASSEN et ai, 2007). Ces mecanismes permettent d'augmenter la diversite 
genetique des viroi'des et ce tres rapidement. Cependant, les frequences de recombinaison 
et de duplication ne sont pas encore connues et celles-ci peuvent etre tres faibles 
comparativement au niveau de mutations. Le niveau d'implication de ces mecanismes 
dans revolution des viroi'des devra eventuellement etre etudie. 
6. CYCLE DE VIE 
6.1. Localisation cellulaire 
La premiere etude de localisation cellulaire des viroi'des a ete realisee par 
hybridation in situ et microscopie confocale sur des feuilles de tomates infectees par le 
viroi'de PSTVd (HARDERS et al, 1989). En effet, grace a l'utilisation 
d'oligonucleotides fluorescents et complementaires a la sequence du viroide de polarite 
positive ou negative, il a ete possible de determiner sa localisation dans le nucleole des 
noyaux des cellules. Plus recemment, une analyse plus precise de la localisation nucleaire 
de PSTVd a permis d'observer une difference entre les deux polarites de ce viroide. En 
effet, a l'aide de la meme technique, il a ete demontre que la polarite negative de PSTVd 
est localisee au nucleoplasme, et non au nucleole, tandis que sa polarite positive est 
retrouvee aux deux endroits (QI et DING 2003 a). 
26 
Toujours en utilisant la technique d'hybridation in situ sur des coupes de feuilles 
infectees, mais cette fois-ci avec des oligonucleotides couples avec des billes d'or, une 
etude a permis de visualiser la distribution de ASBVd (LIMA et al, 1994). 
Contrairement au PSTVd, ce viroide se retrouve surtout au niveau des chloroplastes, avec 
80% du signal, et un peu au niveau de la vacuole et du cytoplasme. La meme chose a ete 
observee pour PLMVd par notre laboratoire quelques annees plus tard (BUSSIERE et 
al, 1999). 
6.2. Etape de polymerisation 
N'ayant toujours pas detecte de molecules d'ADN complementaires aux viroides, 
les chercheurs ont tentes de comprendre leur mecanisme de replication. Des hybridations 
de type Northern ont ete mises au point, et grace a cette analyse, il a ete observe que la 
polarite negative de PSTVd etait retrouvee sous forme multimerique, c'est-a-dire 
contenant deux a cinq repetitions du genome (BRANCH et ROBERTSON 1984). A la 
suite de ces resultats, il a ete suggere que les viroides se repliquaient par un mecanisme 
en cercle roulant, ce qui expliquait la presence de molecules multimeriques. Cependant, 
comme les viroi'des n'encodent pas de proteine dans leur genome, ils doivent 
necessairement recruter une polymerase de l'hote pour se repliquer. L'identite de cette 
polymerase est une question importante que les chercheurs ont tente de resoudre des la 
decouverte des viroides. 
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Une etude a demontre que l'utilisation de l'a-amanitine, un inhibiteur de la 
synthese de l'ARN qui affecte principalement l'ARN polymerase ADN-dependante II 
(ARN pol II) (LINDELL et al, 1970), inhibe la replication de PSTVd. De son cote, 
l'actinomycine D, qui inhibe surtout l'ARN polymerase ADN-dependante I (PERRY et 
KELLEY 1970), n'influence pas la replication de ce viroi'de. II a done ete conclu que 
l'ARN pol II est impliquee dans la replication des Pospiviroidae (MUHLBACH et 
SANGER 1979). D'autre part, le site d'initiation de l'ARN polymerase II sur PSTVd a 
ete caracterise et est situe au niveau de la boucle terminale gauche (KOLONKO et al, 
2006). Plus precisement, la replication debute au nucleotide Ci ou U359 sur la polarite 
positive. Cependant, puisque l'ARN pol II est retrouvee dans le nucleoplasme, ce resultat 
apparait en contradiction avec les resultats d'hybridation in situ obtenu sur PSTVd qui 
indiquait que le viroi'de se retrouvait dans le nucleole (HARDERS et al, 1989). L'etude 
realisee en 2003 a mis en evidence une localisation cellulaire differente des deux polarites 
et a permis d'unifier en partie ces deux resultats contradictoires (QI et DING 2003a). 
Cette etude pourrait toutefois aussi suggerer un role pour l'ARN polymerase I dans la 
replication des viroi'des, puisque cette derniere est retrouvee dans le nucleole et que la 
polarite positive est retrouvee en partie dans le nucleole. 
En ce qui concerne les viroi'des de la famille des Avsunviroidae, 1'identification de 
la ou des polymerases impliquees dans la replication demeure encore un sujet de 
controverse. Dans un premier temps, une etude de localisation a permis de detecter 
ASBVd a l'interieur des chloroplastes (LIMA et al, 1994) et par la suite une autre 
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etude, specifique a l'ARN present dans cette organelle, a permis de visualiser toutes les 
formes replicatives de ce viroi'de dans les chloroplastes (monomeres, dimeres, etc.) 
(NAVARRO et al, 1999). Par consequent, il a ete suggere que la polymerase impliquee 
dans sa replication devait etre retrouvee dans les chloroplastes. Cependant, a l'interieur 
des chloroplastes on retrouve deux types de polymerase differente : la polymerase 
encodee par le chloroplaste (PEP, plastid-encoded polymerase) qui ressemble a celle 
retrouvee chez les bacteries et la polymerase encodee dans le noyau (NEP, nucleus-
encoded polymerase) qui est transported du noyau aux chloroplastes et qui est similaire a 
celle du phage T7. Ainsi, une seconde etude a permis de conclure qu'une polymerase 
chloroplastique resistante a la tagetitoxine etait responsable de la replication du viroi'de 
ASBVd (NAVARRO et al, 2000). La tagetitoxine inhibe preferentiellement la 
polymerase bacterienne et non celle qui derive du phage T7 (KAPOOR et al., 1997). 
Cette etude a done permis aux chercheurs de proposer que la NEP est la polymerase 
impliquee dans la replication de ASBVd, sans preuves directes toutefois. 
D'autre part, une autre etude a ete realisee dans le but de determiner le site 
d'initiation sur la molecule de ASBVd (NAVARRO et FLORES 2000). Ce site se situe 
dans un domaine AU riche a l'interieur d'une boucle terminale pour les deux polarites et 
plus precisement au U121 pour la polarite positive et au U119 pour la polarite negative. Par 
ailleurs, les sequences qui encadrent les sites d'initiation sont similaires a celles 
retrouvees dans les promoteurs reconnus par la NEP. 
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Pour sa part, le site d'initiation de PLMVd a ete un sujet controverse, puisque 
deux endroits differents a l'interieur de la PI 1 ont ete proposes. Dans un premier temps, 
l'etude de Pelchat a permis de determiner et de caracteriser in vitro le site d'initiation de 
la replication de PLMVd a l'aide de la polymerase de E. coli. Avec cette enzyme, 
l'initiation a lieu dans la boucle de la tige PI 1 et plus precisement aux U332, U335 ou U337 
(PELCHAT et ah, 2002). D'autre part, l'equipe de Flores a reussi a identifier le site 
d'initiation de la replication de PLMVd grace a l'analyse en 5' des fragments 
subgenomiques purifies a partir de feuilles de pecher infectees (DELGADO et ah, 
2005). Les resultats obtenus demontrent que le site d'initiation des deux polarites de 
PLMVd est situe dans la tige PI 1 en face du site de clivage respectif pour chaque polarite 
et de la sequence GUC du motif en «tete de marteau ». Par la suite, une etude de notre 
laboratoire a permis de confirmer les resultats obtenu par Flores avec une methode 
differente, soit l'initiation de la polarite positive aux nucleotides C51 and A50 et celle de la 
polarite negative au nucleotide U284 (MOTARD et ah, 2008). De plus, une analyse 
SELEX de la transcription in vitro de PLMVd avec la polymerase de E. coli a ete realisee 
dans le but de determiner le site d'initiation minimal pour cette enzyme. La boite 
C(A/C)GA(G/C)(G/C) a ete retrouvee. Etonnamment, les resultats obtenus sont similaires 
au site d'initiation de PLMVd caracterise in vivo prealablement (MOTARD et ah, 
2008). Ainsi, meme si les chercheurs possedent maintenant plusieurs indices sur le 
mecanisme d'initiation et de replication des viroi'des de la famille des Avsunviroidae, la 
polymerase impliquee demeure encore aujourd'hui inconnue. 
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II est surprenant que ce soit des ARN polymerases ADN-dependantes qui soient 
responsables de la replication des viroi'des, quand des ARN polymerases ARN-
dependantes sont presentes chez les plantes. Toutefois, la localisation cytoplasmique de 
ces enzymes ne correspond pas au site de replication des viro'ides des deux families. De 
plus, une etude recente a permis de comprendre le mecanisme de synthese des ARN 
polymerases ADN-dependantes a partir d'une matrice d'ARN comparativement a une 
molecule d'ADN qui est leur substrat naturel (ARTSIMOVITCH et VASSYLYEV 
2007). Ces etudes permettent d'expliquer comment les viroi'des peuvent etre repliques par 
une enzyme specifique a l'ADN, mais qui est quand meme capable de reconnaitre et 
d'amplifier des molecules d'ARN. 
6.3. Etape de coupure 
Les differences qui ont pu etre observees dans le mecanisme de replication des 
viroi'des ne se situent pas seulement au niveau de leur localisation et de leur 
polymerisation, mais aussi au niveau de leur coupure. Tel que decrit un peu plus haut, la 
coupure chez les Avsunviroidae se fait de maniere autocatalytique grace a la structure 
secondaire en « tete de marteau ». Les nucleotides essentiels au clivage sont retrouves a 
l'interieur des deux polarites de tous les variants des viro'ides de cette famille, ce qui 
demontre bien 1'importance de ce motif. Toutefois, puisque le motif « tete de marteau » 
n'est pas retrouve chez les Pospiviroidae, ces viro'ides doivent vraisemblablement utiliser 
un autre mecanisme. Les chercheurs ont tente de trouver la ribonuclease de la plante 
impliquee dans ce processus avec relativement beaucoup de difficultes. Les seules 
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evidences connues de ligation pour les Pospiviroidae jusqu'a maintenant sont, 
premierement l'etude du clivage de PSTVd par la ribonuclease Tl (TSAGRIS et ah, 
1991), une endoribonuclease specifique a la guanosine qui provient du champignon 
Aspergillus oryzae. Toutefois, les produits de clivage ont pu etre visualises seulement 
dans certaines conditions et cette enzyme n'est pas presente chez l'hote de ce viroi'de. De 
plus, le site de clivage de PSTVd par la ribonuclease Tl peut avoir lieu a differents 
endroits (TABLER et ah, 1992). 
Deuxiemement, une etude a partir d'extraits nucleaires de pommes de terre a 
permis de visualiser le clivage d'oligomeres de PSTVd en monomeres. Cette recherche a 
par ailleurs revele un role important d'une structure tige-boucle contenant une sequence 
GNRA dans le site de clivage (BAUMSTARK et ah, 1997). Etrangement, cette 
structure se retrouve aussi dans la region contenant la loop E. Le site de coupure a ete 
localise par extension d'amorce au niveau des G95.96. Les monomeres peuvent par la suite 
etre circularises de maniere autocatalytique, mais ce, a un tres faible rendement. Ainsi, 
malgre toutes ces etudes, 1'identification de 1'enzyme de l'hote responsable du clivage 
des Pospiviroidae demeure encore inconnue. 
6.4. Etape de circularisation 
La ligation des monomeres en molecules circulaires est une etape essentielle dans 
le cycle de vie des viroi'des, etape qui permet la production de molecules infectieuses. En 
effet, les molecules circulaires vont pouvoir etre utilisees comme matrice pour la 
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production de plusieurs copies du genome de polarite inverse lors de la polymerisation. 
Une premiere etude avait permis de liguer des molecules lineaires de PSTVd grace a une 
ligase purifiee a partir du germe de ble (BRANCH et al, 1982). Cette etude suggerait 
qu'une enzyme de l'hote etait responsable de la ligation. Pour sa part, l'etude de Tsagris 
realisee en 1991 avait permis de demontrer que la ligation de PSTVd pouvait se faire par 
la ribonuclease Tl (TSAGRIS et al, 1991). De plus, l'etude de Baumstark avait elle 
aussi pu observer un faible taux d'autoligation a la suite de l'etape de clivage, comme 
mentionne prealablement (BAUMSTARK et al, 1997). Encore une fois, si elle existe, 
l'enzyme cellulaire responsable de cette activite reste cependant a etre identifiee. 
Pour leur part, les Avsunviroidae peuvent s'autoliguer grace au motif «tete de 
marteau ». En effet, il a ete demontre que ce motif pouvait circulariser les monomeres de 
PLMVd par la production d'un lien 2'-5' (LAFONTAINE et al, 1995), ce qui lui 
confere l'avantage d'etre resistant a un futur clivage (COTE et al, 2001). 
6.5. Mouvement 
Pour completer leur cycle de replication, les viroi'des doivent necessairement 
voyager a travers la plante. En effet, ils doivent premierement rejoindre leur site de 
replication, soit le noyau ou les chloroplastes, et deuxiemement, sortir de ces organelles 
pour etre transportes a l'interieur des autres cellules pour propager l'infection. 
Finalement, les viroi'des doivent entrer dans le systeme vasculaire de la plante pour etre 
eventuellement transportes a travers toute la plante. Pour realiser ces differentes etapes, il 
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est possible que des proteines de l'hote s'associent aux viroi'des. II est aussi probable que 
des motifs ARN retrouves a l'interieur de la structure des viroi'des soient importants pour 
la reconnaissance a ces proteines de transport ou a d'autres elements. 
6.5.1. Mouvement intracellulaire 
A l'interieur de la cellule, les viroi'des doivent se rendre a l'interieur du noyau ou 
des chloroplastes pour etre repliques (DING et ITAYA 2007). Le mecanisme de 
transport a ces endroits est tres peu connu et les etudes qui tentent de determiner les 
partenaires d'interaction des viroi'des pourront apporter dans les annees a venir de 
nouvelles explications sur les mecanismes utilises. 
6.5.2. Mouvement intercellulaire 
Pour propager l'infection, les viroi'des doivent voyager de cellule en cellule. Chez 
les plantes, on retrouve des jonctions cellulaires nommees plasmodesmes qui permettent 
le transport de macro molecules. Depuis quelques annees maintenant, le laboratoire de 
Ding s'interesse au transport des viroi'des a travers la plante. Quelques evidences 
obtenues par ce laboratoire demontrent que PSTVd voyage par ces pores (DING et ah, 
1997). D'autre part, avant de pouvoir voyager a travers toute la plante, les viroi'des 
doivent traverser une couche de cellules allongees qui entourent le systeme vasculaire de 
la plante et qui forme une gaine de protection. Ce meme laboratoire a identifie un motif 
comprenant 5 nucleotides (U201, U309, U47/A313, and C315) qui favorise le transport de 
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PSTVd de la gaine au mesophylle, mais qui ne permet pas le transport en sens inverse, ni 
le transport de cellule a cellule (QI et al, 2004). Une autre etude recente a justement 
tente de mettre en evidence les motifs de PSTVd essentiels a son transport systemique 
(ZHONG et al., 2007). Les auteurs ont identifie un motif qui permet le transport de la 
gaine au phloeme. Ce motif comprend les nucleotides U43/C318 qui sont retrouves a 
l'interieur d'une petite boucle. Selon une comparaison avec des motifs similaires, les 
auteurs ont suggere que cette structure est un site potentiel de liaison a des proteines. 
6.5.3. Mouvement de longue distance 
Le mouvement de macromolecules (proteines, ARN, virus, etc.) a travers la plante 
semble se faire principalement via le systeme vasculaire, plus precisement le phloeme 
(TURGEON et WOLF 2009). II a ete observe que les viroi'des etaient capables de se 
rendre a l'interieur du phloeme pour ensuite se repandre a l'interieur de la plante 
(PALUKAITIS 1987), mais etrangement ne semblent pas en sortir si facilement (ZHU 
et al., 2002). Toutefois, le mecanisme utilise est encore tres peu connu. Une fois a 
l'interieur du systeme vasculaire, les viroi'des vont pouvoir se rendre aux differents 
organes de la plante. Toutefois, PSTVd n'est pas capable d'entrer dans le meristeme 
apical primaire de plantes de tabac et tomate, ni dans les organes de la fleur a l'exception 
des sepales (ZHU et al, 2001). Recemment, il a ete demontre que PLMVd, 
contrairement a PSTVd, pouvait infecter le meristeme du pecher (RODIO et al., 2007). 
Les mecanismes specifiques restent a etre demontres. 
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7. PATHOGENESE DES VIROIDES 
7.1. Infection et propagation 
Differentes etudes ont demontrees que les viroi'des affectaient le metabolisme 
cellulaire de la plante. Une premiere etude a demontre que l'efficacite de la 
photosynthese etait diminuee suite a une infection par le viroi'de HSVd ou GYSVd et 
qu'il y avait une augmentation du stress oxydatif (JAKOB et al, 1997). D'autre part, 
l'expression de differents genes semble etre affectee a la suite d'une infection, tels que 
des genes de defense ainsi que d'autres impliques dans la synthese de la paroi cellulaire 
ou associe au metabolisme et aux chloroplastes (ITAYA et al, 2002). 
Les symptomes observes chez les plantes infectees par des viroi'des varient selon 
le viroi'de. Pour PLMVd, des stries roses peuvent apparaitre sur les petales des fleurs, des 
sutures liegeuses sur les fruits, les noyaux et les fruits sont aplatis, les noyaux eclatent 
facilement, les fruits sont ternes, decolores et moins savoureux. Des cannelures peuvent 
apparaitre sur le tronc des arbres infectes et les bourgeons peuvent etre necroses. Les 
arbres infectes sont moins robustes, plus sensibles aux infections et ont souvent un retard 
de croissance. Chez les variants les plus severes, une chlorose complete des feuilles peut 
etre visualisee ainsi que la courbure et la necrose des feuilles (DESVIGNES 1986, 
HADIDI et al, 1997). Par consequent, la production est affectee autant en quantite 
qu'en qualite. En serre, seul des taches ou des mosai'ques jaunatres sont observees sur les 
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feuilles. Dans certains cas, des taches importantes sans coloration (calico) ont pu etre 
detectees (MALFITANO et al, 2003). Chez les autres viroi'des, les symptomes peuvent 
varier selon le variant infectieux et l'espece infectee. Les symptomes communs sont un 
ralentissement de croissance, la deformation des feuilles et des fruits, la necrose des 
feuilles et des tiges et parfois meme la mort de la plante (DING 2009). Toutefois, 
certaines plantes peuvent rester asymptomatiques pendant plusieurs annees, ce qui est le 
cas par exemple de certaines plantes de pecher infectees par certains variants de PLMVd. 
Des recherches ont suggere que l'intensite des symptomes ne correle pas necessairement 
avec le niveau de replication, puisque des variants peuvent se repliquer sans affecter la 
plante (SZYCHOWSKI et al, 1998). D'autres etudes ont aussi demontre que la 
pathogenicite variait selon les variants et, par consequent, la sequence nucleotidique. En 
effet, une etude a prouve qu'une substitution de seulement un nucleotide (C259 —>U) chez 
PSTVd pouvait rendre le viroide non infectieux (WASSENEGGER et al, 1996). Une 
etude similaire a demontre l'importance de certains nucleotides pour l'apparition de 
symptomes chez ASBVd (SEMANCIK et SZYCHOWSKI 1994). Meme s'ils ne 
provoquent pas toujours de symptomes, il est important de detecter les viroi'des, car sinon 
ils vont se propager et repandre la maladie. II est done essentiel de mettre au point des 
methodes de detection rapides et efficaces des viroi'des pour eviter leur transmission et 
limiter leurs effets nefastes. 
La propagation de l'infection se fait principalement de maniere mecanique grace a 
des outils agraires contamines (FLORES et al, 1990). Le greffage, qui est une 
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technique de multiplication vegetative, peut aussi permettre la propagation si le greffon 
ou le porte-greffe sont contamines (DESVIGNES 1986). On connait aussi certains 
insectes capables de transmettre une infection par un viro'ide, par exemple le puceron 
Myzus Persica dans le cas de PLMVd et PSTVd (QUERCI et al, 1997; FLORES 
1992). Dernierement, une etude a aussi demontre la presence de PLMVd dans le pollen 
des plantes, ce qui pourrait etre un autre moyen important de transmission (BARBA 
2007). Jusqu'a aujourd'hui les viroi'des ont ete detectes partout a travers le monde. En 
plus d'avoir une vaste distribution geographique, les viroi'des sont capables d'infecter 
differentes especes de plantes. Par ailleurs, le nombre d'especes de plante infectes par les 
viroi'des ne cessent d'augmenter. Par exemple, en plus d'etre retrouve chez les peches, 
PLMVd a aussi ete identifie chez les cerises, les poires, les abricots et les amandes 
(RWAHNIH et al, 2008). 
7.2. Mecanisme de defense de la plante 
Pour se proteger contre les infections virales, les plantes utilisent differents 
mecanismes. En effet, l'expression de certains genes est augmentee a la suite d'une 
infection, tel que des proteines de defense induites a la suite d'un stress (WHITHAM et 
al, 2006). Toutefois, le mecanisme de defense le plus interessant au cours des dernieres 
annees est sans aucun doute l'ARN interference. L'ARN interference comprend plusieurs 
voies differentes (XIE et QI 2008), mais dans chaque cas, le mecanisme est similaire. En 
ce qui concerne la reconnaissance de molecules d'ARN double-brin exogenes, des 
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proteines de la plante, nominees Dicer, s'associent tout d'abord aux ARN double-brin et 
les coupent en petits ARN d'environ 20 a 24 nt (figure 5). Ces petites ARN seront par la 
suite incorpores dans un complexe nomme RISC (RNA-induced RNA silencing) qui 
pourra par la suite s'apparier aux ARN complementaires et entrainer leur inactivation. 
L'inhibition des genes de maniere post-transcriptionnelle se fait par differentes 
mecanismes. Premierement lorsqu'il y a appariement complet, les proteines du RISC vont 
induire un clivage ce qui va entrainer la degradation du gene. Deuxiemement, lorsque 
1'appariement est partiel, la traduction va etre inhibee. De plus, lorsque des petits ARN 
sont produits et s'apparient a leur ARN cible, les ARN polymerase ARN-dependantes 
cytoplasmiques de l'hote vont venir synthetiser de l'ARN double-brin qui sera par la suite 
coupe en plusieurs petits ARN. Ce mecanisme unique aux plantes permet l'amplification 
du signal et une meilleure reponse face a une infection. Finalement, chez les plantes, les 
petits ARN peuvent, une fois incorpores dans un complexe proteique cellulaire, methyler 
l'ADN complementaire et ainsi diminuer la transcription de ces genes. 
La presence de petits ARN associes a differents viro'ides a deja ete mise en 
evidence chez differentes especes (DENTI et al, 2004, LANDRY et al, 2004, 
MACHIDA et al, 2007, MARKARIAN et al, 2004). Et maintenant grace a 
l'utilisation des nouvelles methodologies de sequencage a haut debit, il est possible 
d'identifier un tres grand nombre de ces petits ARN (FOX et al, 2009). Etrangement, 
meme si de petits ARN complementaires sont produits, les viro'ides semblent echapper a 
ce mecanisme de defense de la plante probablement grace a leur structure secondaire tres 
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Figure 5 M6canisme de l'ARN interference 
Les ARN viraux peuvent posseder des structures double-brins, mais lors de leur 
replication, leurs deux polarites pourront necessairement s'apparier et former un duplex 
ARN. Ces formes double-brins seront reconnues par la proteine cellulaire Dicer. Cette 
proteine coupe les ARN viraux double-brins en petits ARN de 21-24 nucleotides. Un brin 
de ces petits ARN sera par la suite integre dans le complexe RISC, qui lui pourra 
reconnaitre des ARN complementaires au petit ARN integre et les couper. Les ARN 
coupes seront par la suite degrades par la machinerie cellulaire. Figure adaptee de 
(WATERHOUSE et HELLIWELL 2003). 
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et peut-etre aussi, tel que suggere par differents chercheurs, a cause de leur association a 
des proteines de l'hote ou grace a leur localisation cellulaire. En effet, les proteines 
associees a l'ARN interference, dont le complexe RISC se retrouvent seulement au 
niveau du cytoplasme (PRATT et MACRAE 2009). De plus, meme si certaines 
proteines Dicer se retrouvent au noyau, les petits ARN matures par ces enzymes doivent 
etre transporter au cytoplasme pour etre incorpores au complexe RISC (PAPP et al, 
2003). 
7.3. Mecanisme de pathogenese 
Au cours des dernieres annees, differents mecanismes de pathogenese ont ete 
proposes. Tout d'abord, puisque les viroi'des doivent interagir avec des proteines de 
l'hote, les interactions formees pourraient affecter la plante en diminuant le nombre de 
proteines disponibles pour realiser leur fonction cellulaire normale. Deuxiemement, il a 
aussi ete suggere que le motif autocatalytique des Avsunviroidae pourrait reconnaitre des 
genes de l'hote et les rendre inactifs a la suite d'une coupure en trans. Des etudes in vitro 
ont demontre qu'une coupure en trans de PLMVd sur des petits substrats etait possible 
(COTE 2000), mais peu efficace. De plus, aucun gene cellulaire, qui pourrait etre 
reconnu par le «tete de marteau » en trans, n'a ete identifie. Ainsi, l'hypothese la plus 
probable selon les dernieres etudes est 1'implication du mecanisme de l'ARN interference 
dans l'expression des symptomes (DING 2009). 
7.3.1. Mecanisme de l'ARN interference 
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Apres avoir bien compris le mecanisme d'action de l'ARN interference, les 
chercheurs ont emis l'hypothese que les petits ARN matures chez les plantes a la suite de 
la presence d'un viroi'de etaient peut-etre utilises contre la plante (DING et ITAYA 
2007). En effet, si un gene de l'hote possede une sequence identique a un petit ARN 
provenant d'un viroide, son expression pourra etre attenuee. De plus, puisque 1'inhibition 
de la traduction se fait seulement a partir d'un appariement partiel, il est encore plus 
probable que les petits ARN associes aux viro'ides affectent l'expression de certains genes 
de l'hote. Toutefois, malgre les tentatives de decouvrir de tels genes, aucune evidence 
deactivation de gene a partir de petits ARN provenant de viroi'de n'a ete rapportee 
jusqu'a maintenant. 
Toutefois, une etude recente a demontre que l'apparition des symptomes induits 
par le viroi'de HSVd etait dependante de la presence de la proteine RDRP 6, une ARN 
polymerase ARN dependante (GOMEZ et al, 2008). Malheureusement, il n'est pas 
toujours clair si la presence des petits ARN correspondant aux viro'ides correle avec la 
presence des symptomes et si cette correlation est lineaire (communication personnelle, 
2008). De plus, les petits ARN provenant des viro'ides ne semblent pas etre utilises pour 
methyler la chromatine, puisqu'ils ne sont pas detecte au niveau du noyau, mais 
seulement au cytoplasme dans le cas de PSTVd (DENTI et al, 2004). 
7.4. Controle de l'infection 
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Le meilleur moyen de controler les infections par les viroi'des est d'eradiquer leur 
presence des qu'ils sont detectes. Pour eviter d'utiliser une plante contaminee pour la 
production de nouvelles plantes, une verification par RT-PCR peut etre faite. Si les 
plantes sont infectees, un traitement thermique suivi d'une culture de meristeme ou le 
greffage sur porte-greffes sains peut etre envisage (DESVIGNES 1986). En effet, un 
traitement thermique a 37 °C pendant 35-45 jours suivi d'un greffage de meristeme est 
une technique interessante, car les viroi'des ne sont pas retrouves dans le meristeme des 
plantes et cette region peut etre utilisee pour la culture de nouvelle plante (ZHU et al, 
2001); (HOSOKAWA et al, 2004). 
D'autre part, l'utilisation de ribozyme « tete de marteau » en trans a deja ete mise 
au point pour cibler l'ARN de PSTVd (YANG et al, 1997). Les plantes de tomate 
contenant le ribozyme ont montre une resistance significative a l'infection par ce viro'ide. 
Toutefois, cette methode n'est pas utilisee presentement dans les champs ou les serres et 
c'est la seule etude qui a ete faite sur l'inactivation des viroi'des par la coupure en trans 
d'un ribozyme. 
8. INTERACTION PROTEIQUE 
Plusieurs etudes ont eu pour objectif d'identifier des proteines de l'hote capable 
d'interagir avec ces petites molecules d'ARN infectieuses que sont les viroi'des 
(FLORES et al, 2005). Toutefois, il est tres difficile de recruter les proteines associees 
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aux viroi'des in vivo, puisque ces ARN sont tres structures et qu'il est presque impossible 
de leur ajouter une sequence nucleique sans affecter leur activite. C'est pourquoi 
plusieurs techniques d'identification in vitro ont ete utilisees. Seule la proteine 
PARBP33, capable de lier ASBVd, a ete identified directement in vivo (DAROS et 
FLORES 2002). La methode qui a ete utilisee est une irradiation des feuilles infectees 
aux U.V. pour stabiliser les interactions ARN-proteines et une purification des complexes 
contenant le viro'ide par la suite. Les proteines liees au viroi'de ont ete identifiers par 
spectrometrie de masse. Finalement, l'effet de cette proteine sur les differentes activites 
de ASBVd a ete verifie et il s'est avere que cette proteine pouvait augmenter Pactivite in 
vitro du « tete de marteau » retrouve a Pinterieur de la sequence de ce viro'ide. 
D'autre part, l'hybridation d'une sonde radioactive de PSTVd a ete verifiee sur 
une banque d'expression d'ADNc de tomate. Grace a cette methode, une proteine de 602 
acides amines a ete identifiee et nommee Virpl (MARTINEZ DE ALBA et ah, 2003). 
Cette proteine fait partie d'une famille de facteurs de transcription associes au 
remodelage de la chromatine. Cette etude a aussi permis de demontre que cette proteine 
lie PSTVd in vivo par immunoprecipitation. Plus tard, une autre etude a demontre que 
^interaction de cette proteine est essentielle a PSTVd, puisque des plantes n'ayant plus 
cette proteine ne pouvait pas supporter la replication du viroi'de (KALANTIDIS et ah, 
2007). Puisque cette proteine possede un signal de localisation cellulaire, il a par ailleurs 
ete suggere qu'elle pourrait permettre le transport de PSTVd au noyau, soit son site de 
replication. De plus, une proteine du phloeme, la proteine PP2 (phloem protein 2) a ete 
identifiee comme partenaire d'interaction du viro'ide hop stunt viroid (HSVd) (GOMEZ 
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et PALLAS 2001; OWENS et al, 2001). Pour arriver a ce resultat, les auteurs ont 
verifie si des proteines contenues dans un extrait de phloeme de plantes de concombre 
pouvaient interagir avec HSVd sur gel a retardement. Ainsi, ils ont pu purifier un 
complexe ribonucleoproteique contenant le viro'ide et identifier les proteines retrouvees a 
l'interieur de ce complexe. Puisque cette proteine est connue pour voyager de longue 
distance dans le phloeme (GOLECKI et al, 1999), il a ete suggere que cette proteine 
etait impliquee dans le transport des viro'ides a travers la plante et a l'interieur du 
phloeme. Plus recemment, Gomez et al. ont identifie deux proteines du phloeme de 
melon qui lient ASBVd (GOMEZ et al, 2005) et qui seraient elles aussi potentiellement 
impliquees dans le transport des viro'ides. 
Finalement, meme si aucune demonstration d'une interaction entre PSTVd et les 
proteines TFIIIA et L5 n'a ete realisee, les scientifiques ont suggere une liaison 
potentielle de ces proteines a PSTVd (EIRAS et al, 2007). En effet, puisque ces 
proteines sont capables de reconnaitre dans un milieu cellulaire la boucle E de l'ARNr 5S 
(HUBER et WOOL 1985) et que PSTVd possede lui aussi ce domaine (BRANCH et 
al, 1985), il serait possible que ces proteines lient aussi PSTVd. Tous comme pour 
l'ARN 5S, ces proteines pourraient etre impliquees dans le transport de PSTVd. De plus, 
selon des resultats preliminaires, il semblerait que les proteines L5 et TFIIIA lient PSTVd 
in vitro et que la proteine L5 se retrouve au meme endroit cellulaire que PSTVd (DING 
B, communication personnelle 2009). 
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Par ailleurs, il a ete demontre que la serine/threonine kinase P68 pouvait interagir 
avec PSTVd et etre activee a la suite de cette interaction (HIDDINGA et al, 1988). 
Cette association pourrait expliquer l'expression de certains symptomes, puisque les 
symptomes observes semblent correler avec le niveau d'activation de cette enzyme. II a 
aussi ete demontre que plusieurs viroi'des pouvaient interagir avec les histones (WOLFF 
et al, 1985). A la suite de ce resultat, il a ete suggere que c'est par ce type d'interaction 
que les viroi'des pourraient affecter le niveau d'expression de certains genes. D'autres 
interactions ont aussi ete identifiers sans pour autant etre caracterisees. C'est le cas pour 
deux proteines, une de 33 kDa (HADIDI 1988) et une de 43 kDa (KLAFF et al, 1989), 
qui proviennent de la tomate et qui sont connus pour Her PSTVd. 
9. LE VIROIDE DE LA MOSAIQUE LATENTE DU PECHER (PLMVd) 
PLMVd est un viro'ide de la famille des Avsunviroidae qui se repliquent dans les 
chloroplastes par un mecanisme en cercle-roulant symetrique. A l'interieur de son 
genome on retrouve un motif autocatalytique en « tete de marteau » qui est essentiel a sa 
replication. A cause de sa structure complexe et de ses activites de coupure et de ligation 
intrinseque a son genome, PLMVd est un excellent modele d'etude pour mieux 
comprendre les relations entre la structure et les fonctions d'un ARN, ainsi que pour 
analyser les interactions ARN-proteines. 
PLMVd est un viro'ide latent qui peut prendre 5-8 ans avant de produire des 
symptomes. Les symptomes provoques par PLMVd sont principalement de la chlorose 
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sur les feuilles et les fruits. PLMVd est retrouve partout a travers le monde et est connu 
pour infecter differentes especes de plantes, dont le pecher, l'amandier, le prunier,.... 
Jusqu'a maintenant 349 genomes de PLMVd ont ete sequences et les sequences varient 
entre 335 et 351 nucleotides. 
10. OBJECTIFS DE LA RECHERCHE 
10.1. Structure secondaire de PLMVd 
10.1.1. Contexte 
Notre laboratoire s'interesse aux viroi'des dans le but de mieux comprendre les 
relations entre la structure et la fonction des molecules d'ARN. Plus precisement, l'etude 
du viroi'de PLMVd permet de faciliter nos recherches, car il possede un motif 
autocatalytique et permet done de visualiser l'effet de certains changements. Puisque 
PLMVd est un viroi'de qui se replique par un mecanisme en cercle-roulant symetrique, et 
que ses deux polarites possedent sensiblement les memes activites, il est anticipe que 
celles-ci possedent une structure secondaire similaire. Toutefois, plusieurs differences 
sont connues dans la litterature, telles que des pourcentages de coupure et de ligation 
differents (BEAUDRY et al, 1995; resultats non publies), un taux d'infectivite different 
(AMBROS et al, 1998), ainsi que la presence d'un lien covalent provoque par une 
exposition aux U.V. a l'interieur de la polarite positive et absent dans la polarite negative 
(HERNANDEZ et al, 2006). 
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10.1.2. Objectif general 
Determiner la structure secondaire de la polarite negative de PLMVd et la 
comparer avec la structure connue de la polarite positive, pour identifier les similarites et 
les differences entre les deux. 
10.1.3. Objectifs specifiques 
1. Verifier s'il y a des differences biophysiques entre les deux polarites de 
PLMVd. 
2. Analyser la covariation chez toutes les sequences connues de PLMVd pour la 
polarite negative. 
3. Determiner la structure secondaire de PLMVd negative a l'aide de differentes 
methodes biochimiques. 
10.2. Etude structurale tertiaire de PLMVd 
10.2.1. Contexte 
La structure des polarites positives et negatives de PLMVd a ete realisee in vitro 
par differentes methodes biochimiques et enzymatiques. Malheureusement, les 
techniques utilisees ne permettent pas toujours d'identifier des elements de structure 
tertiaire tels que des interactions boucle-boucle et des pseudonoeuds. Par exemple, la 
presence d'un pseudonoeud entre les tiges-boucle PI et P l l a ete propose des 1998 par 
Ambros et al. (AMBROS et al, 1998) suite a l'analyse des plusieurs sequences de 
PLMVd. Toutefois, l'existence de ce motif n'a jamais ete confirme experiementalement. 
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L'utilisation d'une methode permettant de visualiser les interactions entre les differentes 
tiges-boucles de PLMVd est devenue essentielle a cause de la complexity de la structure 
secondaire de ce viroi'de. Grave au developpement recent de la methode SHAPE, 
l'atteinte de cet objectif devient plus accessible. 
10.2.2. Objectif general 
Verifier la presence du pseudonoeud pour tous les genomes positifs et negatifs de 
PLMVd par 1'analyse des sequences et determiner la structure des deux polarites de 
PLMVd par SHAPE. Verifier si cette derniere methode permet d'apporter certains 
indices sur la presence ou l'absence d'un pseudonoeud. 
10.2.3. Objectifs specifiques 
1. Verifier 1'existence potentielle du pseudonoeud entre les tiges boucles PI et 
PI 1 de toutes les sequences connues de PLMVd, et ce, pour les deux polarites. 
2. Faire l'analyse structurale tertiaire de PLMVd par SHAPE et ce pour ces deux 
polarites et pour differents variants. 
10.3. Interaction du viroi'de de la mosai'que latente du pecher avec les proteines de son 
hote, le pecher 
10.3.1. Contexte 
Puisque les viroi'des n'encodent pour aucune proteine, ils doivent necessairement 
interagir avec des proteines de l'hote pour completer leur cycle de replication. En effet, 
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en plus de devoir recruter une polymerase pour se reproduire, les viro'i'des pourraient 
aussi interagir avec des proteines de l'hote pour permettre leur transport a l'interieur de la 
plante ou pour d'autres activites essentielles a leur cycle de vie. Avant cette etude, aucune 
proteine de l'hote n'etant connue pour interagir avec PLMVd. 
10.3.2. Objectif general 
Identifier des proteines provenant de feuilles de pecher qui sont en mesure 
d'interagir avec PLMVd dans le but de mieux comprendre son cycle de replication. 
10.3.3. Objectifs specifiques 
1. Verifier par des techniques in vitro si il y a des proteines provenant d'extraits 
de feuilles de pecher qui sont en mesure d'interagir avec PLMVd. 
2. Identifier des proteines qui interagissent avec PLMVd a partir d'extraits de 
feuilles de pecher semi-purifie. 
10.4. Inoculation de differentes constructions de PLMVd 
10.4.1. Contexte 
L'importance et le role de certains motifs d'ARN retrouves a l'interieur du 
genome de PLMVd ne peuvent etre resolus que grace a des etudes in vivo. Dans un 
premier temps, la capacite de replication in vivo de certains mutants doit etre connue a 
l'aide d'inoculation de plantes de pecher. Dans le but de realiser ce type d'etude, une 
collaboration a ete developpee entre le groupe de recherche du Dr JiJakli, qui a une 
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expertise dans 1'inoculation de plantes de pecher, et notre groupe, plus specialise dans 
l'analyse structurale des molecules d'ARN. 
10.4.2. Objectif general 
Dans le but de mieux comprendre le role de differentes structures et sequences de 
PLMVd, differents mutants et variants ont ete inocule dans des plantes de pecher et leur 
niveau de replication evalue a la suite de plusieurs mois post-inoculation. 
10.4.3. Ojectifs specifiques 
Le but de ce projet est d'infecter des plantes de pecher avec differentes 
constructions du viroi'de PLMVd pour etudier : 
1. les nucleotides impliques dans sa replication; 
2. les motifs essentiels a sa replication; 
3. les proteines impliquees dans son cycle de vie grace a l'ajout de l'aptamere 
MS2; 




CHAPITRE 1 : 
Determination de la structure secondaire de la polarite negative de PLMVd et 
comparaison avec la polarite positive. 
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Resume 
Les viroi'des de la famille des Avsunviroidae se repliquent par un mecanisme en 
cercle-roulant symetrique puisque leurs deux polarites possedent les memes activites, soit 
une capacite d'auto-clivage et d'auto-ligation. De plus, les deux polarites de ces viroi'des 
se retrouvent en quantite similaire a l'interieur des plantes infectes, ce qui laissent croire 
que les deux polarites sont tres similaires. 
Cette etude est la premiere qui met en evidence les differences biochimiques et 
biophysiques entre les deux polarites d'un viroi'de, plus precisement pour le viroi'de de la 
mosai'que latente du pecher (PLMVd). En effet, grace a differentes techniques cette 
recherche a demontre que les polarites positive et negative de PLMVd ne possedent pas 
le meme niveau de precipitation dans le chlorure de lithium, la raeme migration sur gel 
natif et la meme temperature de denaturation. Une analyse structurale par cartographie 
enzymatique a par consequent ete entreprise pour determiner la structure secondaire de la 
polarite negative de PLMVd. Par la suite cette structure a ete confirmee par des gels a 
retardement avec des oligonucleotides complementaires et par digestion a la ribonuclease 
H. Les similitudes et les differences entre les deux polarites ont done pu etre 
cartographies puisque la structure de la polarite positive etait deja connue. Etrangement, 
le pseudonoeud P8 ne semble pas se faire chez la polarite negative, meme si cette 
sequence est conservee. Ainsi, puisque cette structure est necessaire a la survie de 
PLMVd, ceci nous a permis de propose que ce motif pourrait jouer une fonction 




It is believed that peach latent mosaic viroid (PLMVd) strands of both the plus and minus 
polarities fold into similar secondary and tertiary structures. In order to verify this 
hypothesis, the behavior of both strands in three biophysical assays was examined. 
PLMVd transcripts of plus and minus polarity were found to exhibit distinct 
electrophoretic mobility properties under native conditions, to precipitate differently in 
the presence of lithium chloride, and to possess variable thermal denaturation profiles. 
Subsequently, the structure of PLMVd transcripts of minus polarity was elucidated by 
biochemical methods, thereby permitting comparison to the known structure of the plus 
polarity. Specifically, enzymatic probing, electrophoretic mobility shift assay and 
ribonuclease H hydrolysis were performed in order to resolve the secondary structure of 
the minus polarity. The left domains of the strands of both polarities appear to be similar, 
while the right domain exhibited several differences even though they both adopted a 
branched structure. The pseudoknot P8 formed in the plus strand seemed not formed in 
the minus strands. The structural differences between the two polarities might have 
important implications in various steps of the PLMVd life cycle. 
Keywords: Viroid; RNA structure; Circular RNA; Probing; Pseudoknot 
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Introduction 
Viroids are small (250-400 nucleotides, nt), circular, single-stranded RNAs which infect 
plants. Currently, more than thirty different viroids have been reported and all belong to 
either the Pospiviroidae or the Avsunviroidae families. The former replicate in the 
nucleus, while the latter do so in the chloroplast. Viroid RNAs do not code for any 
protein, therefore the integrity of their RNA structure is essential in order to ensure their 
complete life cycle. For example, it has been reported that some viroid RNA domains are 
critical for replication (DELGADO et al, 2005, ZHONG et al, 2006), transport 
(ZHONG et al, 2008) or the induction of symptoms (QI et DING 2003b), to name a 
few examples. Consequently, the determination of viroid secondary and tertiary 
structures appears to be critical to a better understanding of the various molecular 
mechanisms associated with the pathology of these infectious RNAs. 
Since viroids are relatively long RNA molecules, only a limited number of methods 
currently available can be used to evaluate their secondary structures. Computer-assisted 
algorithms have frequently been used to predict the secondary structure of viroids (e.g. 
(BUSSIERE et al, 1996, CHAFF Al et al, 2007). However, this method possesses 
several limitations, including both the inability to accurately predict the pseudoknot 
structure and the fact that further validation of the proposed structure in solution is 
required. Biochemical methods have been used to deduce the structure of two viroids, 
specifically the potato spindle tuber viroid (PSTVd) and peach latent mosaic viroid 
(PLMVd). Plus polarity PSTVd transcripts, the classical representative of the 
55 
Pospiviroidae family, adopt a rod-like secondary structure that was deduced from the first 
full sequence obtained for any viroid (GROSS et al, 1978) and a host of 
physicochemical studies performed over the years (reviewed in (OWENS 2007, 
SCHMITZ et STEGER 2007)). In addition, nuclease and chemical probing, divalent 
metal cation-induced cleavage and UV crosslinking experiments largely confirmed these 
conclusions (GAST et SPIEKER 1996). However, a NMR study of a subdomain 
revealed significant differences in the structure resolution (DINGLEY et al, 2003). The 
branched structure adopted by the plus polarity transcripts of PLMVd, a member of the 
Avsunviroidae family, was deduced from analysis of both base-pair covariation and a 
combination of ribonuclease digestions and electrophoretic mobility shift assays (EMSA) 
with both RNA and DNA oligonucleotides (BUSSIERE et al, 2000, PELCHAT et al, 
2000a). Importantly, in both cases, the structures of transcripts of only one polarity were 
determined. 
PLMVd replicates via a symmetric rolling-circle mechanism. Specifically, a host 
polymerase, which remains to be definitively identified, recognizes the circular monomer 
of one polarity and synthesizes linear multimeric conformers of the opposite polarity. The 
latter intermediates self-cleave releasing monomeric linear RNA strands that then self-
ligate, producing circular progeny. Because PLMVd possesses highly self-
complementary sequences, which permit strands of opposite polarities to form similar 
stem-loop structures, and because the transcripts of both polarities share many biological 
features, for example their replication mechanism resulting in symmetric amounts of both 
polarity RNAs, one might assume that they adopt near-identical structures. Here, we 
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report evidence challenging this intriguing hypothesis. To date, no work directed towards 
establishing the structure of the PLMVd transcripts of minus polarity has been performed. 
Several techniques that monitor physical properties demonstrated significant differences 
between the structures of PLMVd transcripts of plus and minus polarities. Subsequently, 
the secondary structure of the PLMVd strand of minus polarity was determined in 
solution and was found to share several motifs with the plus polarity strand. However, 
several differences were also observed between the two strands. 
Results and discussion 
Distinct biophysical behaviour of PLMVd strands of both polarities 
In order to determine whether or not biophysical properties can be used to differentiate 
the PLMVd transcripts of plus and minus polarity, three biochemical analyses were 
performed. The first was electrophoresis of the RNA species under both denaturing and 
native conditions. Internally labelled linear plus and minus PLMVd transcripts were heat 
denatured and then fractionated on denaturing (8 M urea) 5% PAGE gels (Fig.6A). Under 
these denaturing conditions the transcripts should migrate according to their molecular 
weight. As expected, since they are the same size (338 nt), both polarities migrated the 
same distance. Conversely, under native conditions, the secondary and tertiary structure 
of the RNA species should be preserved and should therefore influence their migration. 
Towards this end, internally labelled PLMVd transcripts of both polarities were heat 
denatured at 65°C and then slow-cooled to 25°C in order to favour structural 
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homogeneity. The RNA samples were then loaded on 5% polyacrylamide gels under 
native conditions (i.e. without urea). Surprisingly, a slight, but reproducible, difference in 
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Figure 6 Biophysical characterization of the PLMVd transcripts of both polarities. 
(A and B) Autoradiograms of 5% PAGE gels run under denaturing (A) and native (B) 
conditions. PSTVd transcripts were used as molecular weight markers. The lengths, in 
nucleotides, of the transcripts are indicated on the right. ( Q Autoradiogram of a 
denaturing 5% PAGE gel performed in conjunction with the lithium chloride 
precipitation experiment. S and P represent the supernatant and the pellet fractions, 
respectively. (D) TGGE analysis performed in 0.2 X TBE buffer. Plus strand was applied 
30 min later than minus strand. The important transition temperatures are indicated by the 
arrows. (E) TGGE analysis of PLMVd transcripts performed in 0.2 X TB buffer 
containing 10 uM magnesium acetate. Plus strand was applied 30 min later than minus 
strand. The sequential transitions are indicated by the arrows. The thin-lined box located 
at the bottom of the gel illustrates an area enlarged for better detail. The numbers on the 
left identify the three coexisting structures present at the lower temperature for plus 
polarity PLMVd transcripts. The arrowheads with the corresponding numbers designate 
where the transition curves of these coexisting structures merge due to conformational 
changes of the RNAs into a common intermediate. The asterisks represent the circular 
form of both polarities. 
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the position of the bands corresponding to the PLMVd plus and minus polarities was 
observed (Fig. 6B). Specifically, the migration of the minus polarity transcripts was 
always found to be slower than that of the plus strands, suggesting that the structure of 
the latter is the more compact of the two. Even when the experiments were repeated 
under a variety of salt conditions (e.g. 50 uM MgCk or 150 mM NaCl), equivalent results 
were always obtained (data not shown). 
The second method used was lithium chloride (LiCl) precipitation of the viroid 
RNA. One of the important physico-chemical properties of viroids is their solubility in 2 
M LiCl solution (DIENER 2003). Generally, the viroids that fold into a rod-like 
structure, including PSTVd and the avocado sunblotch viroid (ASBVd), are highly 
soluble in LiCl. Conversely, viroids, such as the plus-stranded of PLMVd and 
chrysanthenum chlorotic mottle viroid (CChMVd), that adopt branched-like structures 
are insoluble in LiCl. Thus, we investigated whether or not the presence of LiCl caused 
the precipitation of PLMVd transcripts of both polarities. Internally radiolabeled RNA 
transcripts were heated and slowly cooled in either water or 50 mM Tris-HCl (pH 7.5) -
10 mM MgCb solution prior to the addition of LiCl to a final concentration of 2 M. The 
samples were then incubated overnight at -20°C, centrifuged at 4°C, the pellets stored 
and the transcripts, if soluble, recovered from the supernatants by ethanol precipitation. 
All of the resulting pellets (i.e. LiCl and ethanol) were then dissolved in loading buffer 
and fractionated by electrophoresis through denaturing 5% PAGE gels (Fig. 6C). Using 
an initial transcript concentration of 150 nM, 92% of the PLMVd strands of plus polarity 
precipitated in the presence of LiCl, while only 6% of the PSTVd transcripts precipitated, 
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in agreement with a previous report (NAVARRO et FLO RES 1997). Surprisingly, the 
PLMVd strands of minus polarity were 90% soluble in the presence of 2 M LiCl solution, 
with only 10% of these PLMVd minus transcripts precipitating under these conditions. 
Varying the transcript concentration (10 to 300 nM) had no effect on the result. More 
importantly, these results showed that PLMVd strands of minus polarity were soluble in 
the presence of 2M LiCl, a known property of species (e.g. PSTVd) that fold into rod-like 
secondary structures. 
Finally, PLMVd strands were analyzed by temperature gradient gel 
electrophoresis (TGGE) which permits not only both characterization and separation of 
structural transitions over a range of temperatures, but also the simultaneous detection of 
coexisting structures that would otherwise appear as an average conformation when either 
spectroscopic methods or chemical mapping approaches are used (for review see 
(RIESNER et STEGER 2005)). Hence, PLMVd transcripts of both plus and minus 
polarities were first pre-treated by heat denaturation followed by snap-cooling in low salt 
buffer in order to eliminate bimolecular complexes and all conformations that might be 
trapped during either the transcription reaction or the gel extraction process. The 
transcripts of each polarity were initially analyzed in order to confirm their individual 
transition curves before applying them to the same temperature gradient gel. Analysis of 
the secondary structures detected using low ionic strength gels containing 0.2x TBE 
buffer indicated the presence of a single similar conformation for PLMVd transcripts of 
both the plus and minus polarities (Fig. 6D). Both polarities exhibited a lower 
temperature transition just above 20°C, and a second major transition above 40°C. Closer 
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inspection, however, revealed that the change in mobility at 22°C was consistently more 
pronounced for the plus polarity, and that the midpoint of the main transition (Tm) for the 
transcripts of minus polarity was 2.4°C lower than for those of plus polarity. When a 
secondary treatment involving denaturing and slowly renaturing the transcripts in high 
salt buffer in order to enable formation of the lowest free energy structure, or, for the 
matter, of any kind of structural equilibrium that might not form during a fast renaturation 
in low ionic strength buffer, was included following the low salt snap cooling, the same 
conformation was observed (data not shown). Thus, PLMVd transcripts of either polarity 
show little propensity to adopt alternative folds or metastable structures. 
When PLMVd transcripts were subjected to TGGE in a buffer containing 10 uM 
magnesium acetate to allow for formation of higher order structures including long-range 
or tertiary interactions that require divalent ions, transcripts of both polarities still 
appeared to adopt very similar conformations. Instead of one single high temperature 
transition, they now denatured in a series of transitions between 35°C and 51°C, 
indicating a differential stabilization of individual structural elements by the magnesium 
ions (Fig. 6E). This kind of sequential denaturation is consistent with the presence of a 
series of hairpins that form independently, each possessing its own distinct Tm. A major 
difference between PLMVd transcripts of plus and minus polarities was detected at the 
lower temperature end of the gradient. More specifically, while PLMVd strands of minus 
polarity continued to appear as a single structure with a very weak transition above 20°C, 
three distinct coexisting structures could be resolved for PLMVd transcript of plus 
polarity at the beginning of the temperature gradient (enlarged area in Fig. 6E). Two of 
the three transition curves merge into a single conformation, which in turn merges with 
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the structure of lowest mobility at a slightly higher temperature to form a single 
conformation, indicating a common overall structure with the potential to form local 
folding alternatives. Given that these coexisting structures were detected only in the 
presence of magnesium ions and at lower temperatures, these conformational alternatives 
could possibly involve hairpin-hairpin or other tertiary structural interactions. While the 
potential to form a pseudoknot, for example, has been described for PLMVd strands of 
plus polarity, it is noteworthy that transcripts of minus polarity do not show evidence of a 
similar type of interaction or alternative folds according to the TGGE analysis. 
The results obtained from all three methods consistently indicated that PLMVd 
strands of minus polarity fold into a distinct structure different from that of their plus 
polarity counterparts. The minus polarity strands seemed to solely adopt a single, slighty 
less stable conformation. This result was unexpected given the initial hypothesis that 
strands of both polarities should adopt a globally similar structure. At this point it was not 
clear whether or not the variations of the physicochemical properties of the PLMVd 
strands resulted from subtle local structural variations, or from more significant and 
extended structural differences. In order to properly address this question it was necessary 
to determine the secondary structure of the PLMVd transcripts of minus polarity, as that 
of the strands of plus polarity had already been determined (BUS SIERE et ai, 2000). 
Determination of the secondary structure of PLMVd minus strands by RNase 
mapping 
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Initially, ribonuclease (RNase) mapping was used in an attempt to determine the 
secondary structure of the PLMVd transcripts of minus polarity. Two distinct PLMVd 
species were probed. The first was synthesized from a dimeric PLMVd template from 
which the transcripts produced efficiently self-cleaved during run-off transcription, 
resulting in the release of PLMVd monomers with 5'-ends corresponding to position 290 
(i.e. the hammerhead self-cleavage site). The second species was synthesized from a 
PCR-amplified monomeric template in which the transcripts start at position 95. In the 
latter case, the three first nucleotides of the transcripts are consecutive guanosines, thus 
permitting efficient transcription. Mutation of the residues U9 to an A and A330 to a U 
were required to avoid hammerhead self-cleavage, resulting in the production of one-unit 
length transcripts (i.e. 338 nt). Analysis of the two different transcripts provided 
structural information for all positions of the PLMVd species even though the resolution 
of the electrophoresis is limited to -125-150 nt. Experiments were performed using both 
5' [y-32P]ATP- and 3 ' [a-32P]-pCp labelled transcripts. Prior to each experiment, the 
radiolabeled transcripts were heat denatured and slowly cooled in order to favour 
structural homogeneity. After this preliminary step, RNases were added and the reactions 
then incubated at 25°C. Hydrolysis was performed using RNases A, Tl and TA that 
cleave the 3'-phophodiester bonds of specific ribonucleotides (U and C; G; and, A, 
respectively) located in single-stranded regions, as well as with RNase VI that cleaves 
double-stranded residues regardless of the base identity. In all cases an RNA carrier was 
omitted in order to avoid any interference with the PLMVd strands' structures. 
A typical autoradiogram of a mapping gel is presented (Fig. 7) for the 5'-end 
labelled transcripts produced by hammerhead cleavage (i.e. starting at position 290). As 
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an example the right inset in figure 7 shows a schematic representation of the hydrolysis 
data for the region located at the bottom of the gel, which corresponds to the P10 stem-
loop structure of the conformation. RNase VI hydrolyzed after each nucleotide on both 
strands of the stem, although at different levels. Some residues of both strands were also 
hydrolyzed by specific single-stranded RNases, although at reduced levels (e.g. RNase 
Tl slightly cleaved after G62, and RNase A cleaved after both C71 and U72). 
Importantly, the four residues located in the loop were hydrolyzed only by the relevant 
specific single-stranded enzyme and not by RNase VI. Finally, the minus strand's P10 
stem is longer than that of the plus polarity by 3 base-pairs, consequently, the P9 stem-
loop is shifted forward. 
The mixtures produced with both PLMVd-derived transcripts were resolved using 
different electrophoretic conditions (both the acrylamide concentration and the migration 
times were varied). Moreover, all mapping experiments were repeated at least three times 
in order to provide a sufficiently high level of confidence in the mapping of each 
position. A compilation of the data for each nucleotide is presented in figure 8. 
Incorporating all of the mapping data, a secondary structure can be proposed for PLMVd 
minus strand (Fig. 9A). Our results indicated that 212 nt are involved in Watson-Crick 
base pairs, 10 in Wobble base pairs and that 116 are located in single-stranded regions. 
Overall, this corresponds to 66% of the nucleotides being base-paired, and only 34% are 
found to be located in single-stranded regions. Of the 338 positions, 281 were placed at a 
high confidence level, while 57 remain ambiguous based simply on the RNase 
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Figure 7 Typical autoradiogratn of an 8% PAGE gel performed for the enzymatic 
probing of a 5'-end labelled PLMVd transcripts of minus polarity. 
The lanes labeled L on both sides are identical ladders obtained by alkaline hydrolysis of 
PLMVd. Lanes 2, 3 and 4 contain PLMVd transcripts hydrolyzed by RNase Tl, TA and 
A, respectively, under denaturing conditions in order to provide guanosine, adenosine and 
cytosine/uridine ladders. Lane 5 is an unhydrolyzed RNA sample. The remaining lanes 
contained samples obtained from hydrolyses performed using two dilutions of RNase Tl 
(lanes 6 and 7), RNase TA (8 and 9), RNase A (10 and 11) and one dilution of RNase VI 
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(lane 12). The inset on the right shows is a schematic compilation of the RNase probing 
of the P10 stem-loop. 
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Figure 8 The relative intensities were determined by considering a minimum of 
three autoradiograms from independent mapping experiments. 
The intensity of the colored boxes correlates with the hydrolysis efficiency. The more 
intense red boxes represent a stronger cleavage by single-stranded RNAses, while the 
dark blue boxes denote nucleotides where no cleavage occurred, except in the case of VI. 
The last column represents the results anticipated according to the secondary structure 
proposed for PLMVd transcripts of minus polarity in figure 9A. 
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mapping hydrolysis results. For example, according to the proposed structure, the 
cytosine located in position 228 should have been cleaved by RNase A, which was not 
the case. This may simply be because the L3 loop was not accessible to the RNase A due 
to steric hindrance, or because this cytosine interacts with another residue. 
In order to facilitate the comparison of the PLMVd strands of both polarities, we 
used the nomenclature of the PLMVd plus polarity strands' stem-loops with those from 
the strands of minus polarity (see Fig. 9A, B). Any stem-loop structure missing in the 
PLMVd strands of minus polarity (as compared to the plus polarity) were simply skipped. 
Overall, the structure is composed of 9 stem-loops, numbered from stem PI to PI 1 (i.e. 
PI, P2, P3, P4, P6, P7, P9, P10 and P l l ) . Briefly, the stem-loops Pl-Ll , P2-L2 and P3-
L3 were virtually identical to their homologs in the plus polarity strand. Stem P4 is 
significantly longer in the PLMVd strands of minus polarity. In fact, the sequence of the 
P5 stem found in the plus strands is used in the minus strand to form the lower region of 
the longer P4 stem that is composed of 2 consecutive helices (P4a and P4b). The 
sequence involved in the other strand of the lower portion of the P4 of the minus polarity 
strand forms a single-stranded junction between the P3 and P4 stems in the strands of 
plus polarity strands. Only a minimal junction of 2 nucleotides exists in the PLMVd 
minus polarity. The two regions of the P4 stem are connected by a relatively large 
internal loop composed of 7 non-paired nucleotides (positions 182 to 188) and 3 
nucleotides (positions 204 to 206). The P6-L6 and P7-L7 stem-loops of the minus 
polarity strands are similar to those of the plus polarity strands. However, the P8 
pseudoknot formed between the nucleotides composing the loop of the P6 and P7 stems 
in the strands of plus polarity appears to be missing in the minus polarity strands. The P9-
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Figure 9 Proposed PLMVd secondary structures. 
(A) Compilation of the mapping results on the proposed secondary structure of the minus 
polarity PLMVd transcripts. The red boxes represent single-stranded nucleotides, while 
the blue ones designate the double-stranded nucleotides. The dark red boxes indicate 
intense cleavage by single-stranded RNases, while the dark blue boxes indicate 
unambiguous double-stranded nucleotides. The black and white boxes represent the 
conserved nucleotides that form the plus and minus hammerhead structures, respectively. 
The oligonucleotides used in the EMSA and RNase H hydrolysis analyses are illustrated 
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using either full or dotted lines in order to differentiate the accessible (loops and 
junctions) and unaccessible regions (stems), respectively. The nucleotide numbers of the 
viroid to which each oligonucleotide is complementary are indicated in italics above each 
oligonucleotide. All stems, loops and junctions are identified. (B) Schematic 
representation of the proposed secondary structure for the PLMVd transcripts of plus 
polarity. All stems are identified. The nucleotides involved in the formation of the P8 
pseudoknot are also indicated. (C) Autoradiogram of a EMS A performed in order to 
investigate the presence of the P8 pseudoknot. Lanes 1 and 2 are the experiments 
performed with the oligonucleotides complementary to sequence of the region of the L7 
loop of plus polarity either in the absence or presence of the PLMVd transcripts of plus 
polarity. Lanes 3 and 4 are the experiments performed with the oligonucleotides 
complementary to sequence of the region of the L7 loop of minus polarity either in the 
absence or presence of the PLMVd transcripts of minus polarity. 
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L9 of the minus polarity strand is reminiscent of the one found in the plus polarity strand, 
but it is slightly shifted (by 4 positions), contains only 5 bp instead of 6 bp and is 
preceded by a single-stranded junction coming from the P7 stem. In the plus polarity 
strand the sequence forming that junction is part of the base-paired nucleotides that 
constitute part of the other strand of the P5 stem. The minus strand's P10 stem is 3 bp 
longer in the proposed structure, and there is a shorter junction between the P10 and PI 1 
stems as compared to the plus strand (i.e. 2 nt versus 4 nt). Finally, the P l l stem-loops 
are similar in both structures, with both corresponding to very long paired regions that 
include 5 helical domains (PI la to PI le) capped by a large loop. 
In conclusion, the mapping experiments revealed a new and distinct secondary 
structure for the PLMVd transcripts of minus polarity. Overall, the resulting structure 
shares only the P11 stem with one obtained by computer assisted prediction unpublished 
data). The situation was similar for the previously reported structure of the PLMVd (+) 
strand (Bussiere et al , 2000). The most important differences between the strands of plus 
and minus polarity are all located between stems P4 and P10, and, in terms of the minus 
polarity, consist of a reorganization of the sequences that form the P5 stem in the plus 
polarity strands and the omission of the P8 pseudoknot. With the exception of minor local 
differences, the structures of the stems from P10 to P2, which form the left domain, 
appear to fold into a stable structure similar to that found in the plus polarity transcript. 
Conversely, stems from P3 to P9 of the minus polarity, which form the right domain, 
appear to be less stable and more capable of adopting alternative structures as compared 
to those of the plus strands. While no alternative structures were observed for the minus 
strands, TGGE did provide evidence for a decreased thermal transition of minus strand 
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transcripts compared to the plus polarity. When the mapping experiments were performed 
using different salt conditions, no important differences were detected. In fact, only 
minor, local differences were observed and these did not influence the proposed 
secondary structure. 
With the exception of the few isolated residues for which the determination of the 
single-stranded or double-stranded state was not certain, it seems that PLMVd strands of 
minus polarity do not adopt an alternative conformation under the conditions used here. 
This is in contrast to what is observed with the PLMVd strands of plus polarity for which 
part of the sequence of PI 1 stem has also been detected, to a small percentage at least, to 
be folded into one of the helices involved in the hammerhead secondary structure 
(BUSSIERE et ah, 2000). It is important to note that the experiments reported here were 
performed in the absence of any peach protein, a fact that may influence the folding of 
the viroid. For example, it has been shown that the presence of peach elongation factor 
eEFla alters the viroid's structure near the junction between the P10 and P l l stems, 
adjacent to the self-cleavage site (submitted manuscript; Dube and Perreault). Likely, this 
is the binding site of the elongation factor, and its binding might contribute to the viroid's 
polymerization by the rolling circle replication. 
Support for the proposed secondary structure 
Concurrently with the RNase mapping experiments, the structure adopted by the 
transcripts of minus polarity was also studied by electrophoresis mobility shift assay, an 
approach based on the binding of complementary oligonucleotides. Twenty-three 
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oligonucleotides that hybridize to different regions of PLMVd strands of minus polarity 
were synthesized. Some were designed to verify the accessibility of the proposed single-
stranded regions of either the loops or the junctions between two stems, while others were 
designed to confirm the inaccessibility of proposed double-stranded regions (see Table 
2). All oligonucleotides were relatively small (7 to 11 nt in length) and offered a 
theoretical minimum Gibbs free energy (AG°) at 37°C of less than -6 kcal/mol if the 
corresponding complementary sequence in the transcript is indeed in a single-stranded 
region, two criteria essential for the detection of the formation of an RNA-DNA 
heteroduplex. Initially, the transcripts produced by self-cleavage were heat-denatured and 
slow-cooled to room temperature in order to ensure structural homogeneity. The 5'-end 
labelled oligonucleotides were then added and the mixtures incubated at 25°C for 10 
minutes prior to fractionation on native PAGE gels (see Fig. 10A for a typical result). 
Seven oligonucleotides were synthesized in order to investigate the proposed double-
stranded regions (Table 2, upper portion). In all cases no binding shifts were detected, 
supporting the formation of the corresponding stems. Eleven oligonucleotides were 
designed in order to confirm the proposed loop regions (Table 2, middle portion). With 
the exception of oligonucleotide 155-162 that targets loop L6, which may probably form 
dimers, binding shifts were observed in all cases, albeit at different levels. Finally, five 
oligonucleotides were designed in order to investigate the proposed junctions (Table 2, 
lower portion). In all cases, binding shifts were detected. For example, the junction J4/6, 
whose corresponding nucleotides in the plus polarity PLMVd strands are involved in the 
P5 stem, was confirmed as being accessible to the binding of oligonucleotide 170-179 
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Tableau 2 Results of the EMSA and RNase H hydrolysis experiments. 
For EMSA, the shifts were evaluated according to: (-) indicates no shift, (+) indicates that 
only a fraction of the oligonucleotides was shifted, and (++) the totality of the 
oligonucleotides was shifted. For the RNase H, (-) indicates no cleavage, (+) a cleavage 
between 0.1 and 1%, (++) a cleavage between 1 and 5% (+++), a cleavage between 5 and 
10%, (++++) a cleavage between 10 and 30 %, and finally (+++++) a cleavage between 




Oligo 314-322 333-5 113-121 119-125 138-145 182-189 192-200 
PLMVd (-) - + 
<?> <1> & J> *J> <?
 s # # 
T1 -
 s#' J? j? & Nfc* j? & & 
Figure 10 Typical results from EMSA and RNase H hydrolysis experiments. 
(A) Autoradiogram of a native 20% PAGE gel performed EMSA using PLMVd 
transcripts of minus polarity in the presence of various 5'-end labelled oligonucleotides. 
The symbols (••) and (+) indicate either n. the absence or s the 'sresenee of PLMVd 
transcripts, respectively. (B) Autoradiogram of an 8% PAGE gel performed for the 
RNase H hydrolyses using a 5'-end labelled PLMVd transcripts of minus polarity in the 
presence of various oligonucleotides. The lane (-) is a negative control experiment 
performed in the absence of an oligunculeotide. The lane labeled Tl is a ladder obtained 
by enzymatic hydrolysis of PLMVd in the presence of the RNase Tl. Asterisks indicate 
expected products. Left of the gel is nucleotide size of some bands. 
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in the proposed secondary structure for the plus polarity transcripts received physical 
support from the binding shift assays (see Table 2 and also panel A of figure 9 for all of 
the EMSA data). Clearly, EMSA provides strong support for the proposed secondary 
structure of the PLMVd transcripts of minus polarity deduced from the RNase mapping 
experiments. 
Complementary RNase H hydrolysis experiments on the RNA-DNA heteroduplexes were 
also performed (see Table 2, and Fig. 10B for a typical result). RNase H hydrolysis was 
detected for 7 out of the 11 loops. The lack of hydrolysis in 4 cases (i.e. oligonucleotides 
62-71 (Loop L10), 82-90 (Loop L9), 202-210 (Loop 4a), and 192-200 (Loop L4)) might 
be caused by the inaccessibility of the enzyme to the heteroduplex, an additional limit of 
this approach as compared to EMSA. In contrast, RNase H hydrolysis of the 
heteroduplexes formed with the oligonucleotide 155-162 that is complementary to the L6 
loop was observed, albeit at a reduced level, even though no electrophoretic mobility shift 
had been detected. In this experiment the observed cleavage product's size was as 
expected for binding to the L6 loop, confirming at least its transient existence. The 
presence of the loops L4, L6 and L10 received additional physical supports by 
modification of the single-stranded cytosine residues by dimethyl sulfate (DMS) probing 
coupled to subsequent cleavage with hydrazine and aniline (data not shown). Only the 
Loop 9, which did not include a cytosine residue, cannot be definitively proved. Finally, 
3 of the 5 oligonucleotides complementary to the junctions bound their corresponding 
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domains, based on RNase H hydrolysis results (see Table 2). This confirms the presence 
of all proposed junctions based on RNase mapping. 
Absence of pseudoknot structure 
According to the data presented above, there is no evidence suggesting the presence of a 
pseudoknot in the PLMVd transcripts of minus polarity. This is in contrast to what is 
observed with the transcripts of plus polarity where the P8 pseudoknot is formed via 
base-pairing between nucleotides from the L6 and L7 loops (Fig. 9B) (BUSSIERE et 
al., 2000). The eight nucleotides involved in this pseudoknot are perfectly conserved in 
all PLMVd sequence variants reported to date (i.e. 179GCGG182 and 212CCGC215, 
respectively). This suggests that this pseudoknot is critical in some aspect of the viroid's 
biology, although covariation for base-paired nucleotides would have been even more 
definitive proof of this conclusion. Regardless, this conclusion is supported by the 
detection of an equivalent pseudoknot in the secondary structure of CChMVd, another 
member of the Avsunviroidea family (BUSSIERE et al, 2000). In order to further 
confirm the presence of this pseudoknot in the secondary structure of PLMVd plus 
polarity strands, an oligonucleotide complementary to the L7 loop was synthesized (5'-
CGGCGGT-3') and tested in an EMSA experiment. Either no binding shift was detected 
(Fig. 9C, lane 2), or only a tiny amount of heteroduplex was observed, suggesting that the 
L7 loop is located within a double-stranded structure. When an oligonucleotide 
complementary to the corresponding sequence of the PLMVd minus transcript (5'-
TACCGCC-3') was tested with full length PLMVd minus polarity strands, a significant 
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binding shift was detected (Fig. 9C, lane 4). This result indicated that the sequence of the 
minus polarity that corresponds to the L7 loop of the plus strand was accessible to the 
oligonucleotide. Together, the RNAse probing data and the EMSA experiments with two 
oligonucleotides designed to investigate the L6 and L7 loops clearly show that there is no 
equivalent to the P8 pseudoknot of the plus strands in the PLMVd minus transcripts. At 
the limit, if there is a P8 pseudoknot formed by the minus strands PLMVd, this is only a 
small proportion of the RNA strands that include it. 
The analysis of the proposed secondary structures adopted by the transcripts of the 
two polarities revealed that the environment of the nucleotides potentially involved in the 
formation of the P8 pseudoknot differed depending on the polarity of the strand. In the 
plus polarity the 8 nt involved in forming the pseudoknot would be single-stranded if this 
helix is not formed (Fig. 9B), whereas in the case of the minus polarity the 4 nt of the L6 
loop are single-stranded, two are found in the L7 loop and two other are base-paired (Fig. 
9A). This arrangement leaves either only 2 nt available for potential base-pairing in the 
pseudoknot, or creates a competition between potential base-pairing partners for the 
nucleotides that would form a pseudoknot. Both of these scenarios are not favourable for 
the formation of a stable pseudoknot and might explain why it seems to not be formed in 
the minus polarity transcripts. Interestingly, the equivalent pseudoknot was also found to 
be absent in the minus polarity CChMVd strands (GAGO et al, 2005). 
In order to investigate whether or not the P8 pseudoknot of the plus polarity 
transcripts is important in the viroid's life cycle, peach trees were inoculated using both 
wildtype and P8 mutant (i.e. variant PLMVd.282 and 212CCGC215 -> 212AAAA215 
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mutations) unit-length PLMVd transcripts. A year after inoculation, PLMVd were 
detected in most of the trees inoculated with the wildtype sequence (Dube, Parisi, 
Perreault and Haissam, unpublished data). Conversely, no evidence of PLMVd was 
detected in the trees infected with the P8 pseudoknot mutant. Clearly, the presence of the 
P8 pseudoknot in the plus polarity is essential for the PLMVd life cycle, although its 
precise contribution remains to be determined. 
Concluding remarks 
This study presented biophysical evidence that permits us to establish a difference 
between the two polarities of PLMVd strands and proposes a model for the secondary 
structure of the minus polarity transcript. Cleary, both polarities fold into structures that 
exhibit both similarities and differences. For PSTVd, which replicates via an asymmetric 
rolling circle mechanism, metastable elements specific for plus and minus strands, 
respectively, drive folding into different structures that are critical for plus strand 
synthesis from minus strand replication intermediates (QU et al, 1993, REPSILBER et 
al, 1999, SCHRODER et RIESNER 2002) and for processing of multimeric plus 
strands into circular progeny (BAUMSTARK et al, 1997, SCHRADER et al, 2003). 
For PLMVd, it is tempting to speculate that a high level of similarity was to be expected 
since this viroid replicates in a symmetrical manner and the intermediates of both 
polarities accumulate in roughly the same proportions in infected cells. However, the 
structural differences observed are more likely largely responsible for the distinct 
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biophysical characteristics of the two polarities, and could also play role in other aspects 
of the PLMVd life cycle. For example, one polarity of PLMVd could act as either an 
antisense RNA, or as a trans-acting ribozyme. In this line of thinking the minus polarity 
transcript which adopts a less compact structure is the more likely of the two to play such 
a role. In addition, the differences between the two polarities may help explain the 
differences observed when studying PLMVd strands of both polarities, differences such 
as the observation that the efficiencies of both self-cleavage and self-ligation in vitro 
varied between the two polarities. More specifically, the PLMVd strands of plus polarity 
self-cleaved in vitro at a level of 60-70%, while their counterparts of minus polarity did 
so only at 50-55% under the same reaction conditions (BEAUDRY et al., 1995). 
Conversely, the minus strands self-ligated more efficiently than the plus transcripts (i.e. 
5-8% as compared to 1-2%, respectively; F. Bolduc and J.P. Perreault, unpublished data). 
In both cases these results might be explainable if the P11-containing secondary structure 
with the lower free energy than the alternative conformation, including the hammerhead 
motif, is favoured in the minus polarity PLMVd transcripts (as compared to what is 
occurring with the plus polarity). Specifically, the level of self-cleavage is reduced if the 
formation of the long PI 1 stem is favoured because its formation reduces the time that the 
RNA strand has in which to adopt the hammerhead secondary structure (BEAUDRY et 
al., 1995). Moreover, the greater stability of the P l l stem would be expected to favor 
higher levels of self-ligation because it is this structure that supports the non-enzymatic 
reaction (LAFONTAINE et al, 1995). Interestingly, the minus polarity PLMVd strands 
did not permit the detection of alternative structures for the PI 1 stem domain, while those 
of plus polarity not only primarily folded into the long rod-like domain, but also 
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permitted the formation of the hammerhead motifs (BUSSIERE et al, 2000). On the 
other hand, the plus polarity PLMVd species is the more infectious of the two as shown 
by PLMVd inoculations into peach trees (AMBROS et al, 1998). As previously 
proposed for the plus polarity PLMVd transcripts (PELCHAT et al, 2000a), those of 
minus polarity also appear to be composed of two domains: (i) The left domain that 
includes the Pl-Ll , P10-L10 and P l l - L l l stem-loops formed by the hammerhead 
sequences and all of the features known to participate in the replication; and, (ii) The 
right domain that includes all other stems-loops and to which no function has yet been 
attributed. Interestingly, all significant structural differences between the strands of both 
polarities were located in the right domain. It is important to understand that in the case 
of PLMVd, the unit-length transcripts of both polarities accumulated in large amounts in 
infected cells. To date there is no evidence to suggest a more important role for one 
polarity as compared to the other. Clearly, determination of the secondary structure of 
both strands constitutes an important step in elucidating their roles in the biology of this 
viroid. 
Materials and methods 
RNA synthesis 
The synthesis and purification of both plus and minus PLMVd transcripts were 
performed as described previously (BUSSIERE et al, 2000). Briefly, in vitro 
transcriptions were performed using digested recombinant plasmid pPDl, which contains 
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two tandemly repeated PLMVd sequences cloned into the Pstl restriction site of 
pBluescript II KS, as template (BEAUDRY et al., 1995). In this construct the insert is 
flanked by the T3 and T7 promoters for the production of the plus and minus polarity 
transcripts, respectively. The transcription reactions were performed for 3 h at 37°C in a 
final volume of 100 uL containing 80 mM HEPES-KOH (pH 7.5), 24 mM MgCl2, 2 mM 
spermidine, 40 mM DTT, 5 mM of each NTP, 0.004 U/uL pyrophosphatase (Roche 
Diagnostics), 37 U RNA Guard (Amersham Biosciences) and 10 |xg of purified T7 or T3 
RNA polymerase. For random internal labelling, 30 uCi of [a-32P] UTP (3,000 Ci/mmol; 
New England Nuclear) were added to the transcription reactions. During transcription, 
RNA molecules of both polarities self-cleaved, yielding 338-nt linear monomeric species. 
The transcriptions were stopped by the addition of RNase-free RQ1 DNase (Promega) 
followed by incubation for 30 min at 37°C. One volume of stop buffer [0.03% (wt/vol) 
each of bromophenol blue and xylene cyanol, 10 mM EDTA (pH 7.5) and 97.5% 
(vol/vol) deionized formamide] was then added and the resulting mixtures denatured for 
2 min at 65°C prior to being fractionated by denaturing (8M urea) 5% polyacrylamide gel 
electrophoresis (PAGE, 19:1 ratio of acrylamide/bisacrylamide) using 45 mM Tris-borate 
(pH 7.5) and 1 mM EDTA as buffer (IX TBE buffer). Nonradioactive transcripts were 
detected by UV shadowing, while radioactive ones were detected by autoradiography. 
The bands corresponding to the 338 nt full-length fragments of both polarities were 
excised, the RNA eluted overnight in elution buffer (500 mM NH4OAc, 1 mM EDTA 
and 0.1 % SDS), ethanol precipitated, purified on Sephadex G-50 spin columns 
(Amersham) and lyophilized. After dissolving in ultrapure water, the RNA concentrations 
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were determined either by absorbance spectrophotometry at 260 nm or by Cerenkov 
counting, and the samples were then stored dry at -20°C. 
In order to produce PLMVd transcripts starting at position 95, a PCR amplification using 
the oligonucleotides sense 5'-
TAATACGACTCACTATAGGGTAGACGTCGTAATCCAGTTTC-3' and antisense 5'-
GGGATTCAAACCCGGTCCCCTCC-3' as primers was initially performed using Pwo 
DNA polymerase (Roche Diagnostic) and 0.01 |ig of pPDl BamHl digested plasmid. 
After amplification, the proteins were removed by phenol-chloroform extraction and the 
cDNA precipitated with ethanol. The resulting pellets were dissolved in water and used 
directly in the transcription reactions. 
One monomer of PSTVd isolate KF-440-2 (SCHNOLZER et al, 1985) was cloned in 
pCDNA3 (Invitrogen) at the Hindlll and EcoRl sites with two oligonucleotides: Sense 
oligonucleotide 1-PSTVdplus 5'GACTCACTATTAGGAAGCTTCGGAACTAAAC-3\ 
and antisense 359-PSTVdplus, 5'-TGAGCTGTATTAGAATTCAGGAACCAAC-3\ 
This plasmid was linearized by EcoRl digestion and transcriptions were performed as 
described above with T7 RNA polymerase and 5 \ig of digested plasmid. 
5'- and -3'-end labelling 
Purified 338 nt PLMVd transcripts of minus polarity starting at either position 95 or 
position 290 (i.e. at the hammerhead cleavage site) were labelled as previously described 
(BUSSIERE et al, 2000). Briefly, transcripts (25 pmol) were dephosphorylated in a 
85 
final volume of 10 uL using 10 U of Antarctic phosphatase according to the 
manufacturer's procedure (New England Biolabs). The reactions were stopped by heating 
for 8 min at 65°C. Subsequently, dephosphorylated transcripts (5 pmol) were 5'-end 
labelled in the presence of 3.2 pmol [y-32P]-ATP (6000 Ci/mmol, New England Nuclear) 
and 3 U of T4 polynucleotide kinase according to the manufacturer's procedure (USB). 
The reactions were performed at 37°C for 60 min. For 3'-end labelling, purified PLMVd 
transcripts (20 pmol) were incubated with 10% DMSO, 40 uCi of [a-32P]pCp (3000 
mCi/mmol; New England Nuclear) and 40 U of purified T4 RNA ligase in a final volume 
of 10 p.L containing 50 mM Tris-HCl (pH 7.8), 10 mM MgCl2, 1 mM ATP and 10 mM 
DTT. After 60 min of incubation at 37°C, the reactions were stopped by the addition of 
one volume formamide dye buffer and the mixtures then fractionated through denaturing 
5% PAGE gels. For 3'-end labelling of the transcripts resulting from the hammerhead 
self-cleavage, a T4 polynucleotide kinase (PNK) incubation was performed as described 
above with the exception that the ATP was omitted in order to favour the reverse reaction 
and thus remove the 2'-3'-phosphocyclic group (AMITSUR et al, 1987). The PNK was 
then removed by two successive phenol-chloroform extractions, and the transcripts 
recovered by ethanol precipitation prior to performing the ligation reactions. After 
autoradiography, the bands containing the appropriate 5'- and 3'-end-labelled transcripts 
were excised and the RNA recovered as described above. 
Migration of PLMVd transcripts in denaturing and native PAGE gels 
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Internally radiolabeled transcripts (~10 000 cpm) were dissolved in 10 uL of water and 
added to an equivalent volume of stop buffer. These mixtures were denatured for 2 min at 
65°C prior to being fractionated by denaturing (8M urea) 5% PAGE eletrophoresis (19:1 
ratio of acrylamide/bisacrylamide) using IX TBE buffer. The gels were run at 30 W for 2 
h. In the case of the native gels, TB buffer [45 mM Tris-borate, pH 7.5] in the presence of 
either 150 mM NaCl or 10 uM magnesium acetate was used. The radio labelled 
transcripts were heated for 5 min at 65°C and were then slowly cooled to 25°C. One 
volume of native loading buffer [0.03% (wt/vol) each of bromophenol blue and xylene 
cyanol in 50% glycerol in IX TB solution] were added prior to loading on 5% native 
polyacrylamide gels (29:1 ratio of acrylamide/bisacrylamide, no urea). The gels were run 
at 120 V for 10 h and then autoradiographed. 
Lithium chloride precipitation 
A mixture of radioactive (~10 000 cpm) and non-radioactive transcripts (10, 75, 150 and 
300 nM) were heated at 65°C and then slowly cooled to 25°C in the presence of either 
water or 50 mM Tris-HCl, pH 7.5/10 mM MgCl2 buffer. LiCl was then added to a final 
concentration of 2 M and the mixtures completed to a final volume of 100 u.L with water. 
The precipitation reactions were then incubated overnight at -20°C prior to centrifuging 
at 17 000 g for 30 min. The supernatants were removed and the RNA ethanol precipitated 
from them. All pellets were ethanol washed, dried and then dissolved in 10 uL water and 
10 uL of denaturing loading buffer. The samples were fractionated on denaturing 5% 
PAGE gels. After electrophoresis the gels were exposed to phosphor screens and then 
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revealed using a Storm scanner (Molecular Dynamics). The ratios of the precipitated 
RNAs were then calculated using the Image Quant software. 
Temperature gradient gel electrophoresis (TGGE) 
Gel-purified full length transcripts of PLMVd strands of both plus and minus polarity 
were denatured in TE buffer (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA) and rapidly 
cooled in an ethanol/dry ice bath as described previously for PSTVd (BAUMSTARK et 
RIESNER 1995). In order to permit the formation of structures that are potentially 
disfavoured by this treatment driven by fast kinetics, some transcripts were subsequently 
denatured and slowly renatured in a high salt buffer (500 mM NaCl, 1 mM cacodylic 
acid, 0.1 mM EDTA, pH 7.0) and then dialyzed against TE buffer on Millipore swim 
filters for 2-3 h at 4°C. The resulting RNA structures were analyzed by temperature 
gradient gel electrophoresis (ROSENBAUM et RIESNER 1987) by loading 500 ng of 
PLMVd transcripts of minus polarity to gels containing 5% acrylamide/0.17% 
bisacrylamide in either 0.2X TBE or 0.2X TBM (TBE with 10 uM MgOAc instead of 
EDTA) buffer and then performing electrophoresis under native conditions for 30 min at 
400 V. Subsequently, 500 ng of PLMVd strands of plus polarity were applied under the 
same conditions and allowed to enter the gel for 10 min. Following the 10 min interval 
that is required in order to establish a temperature gradient from 20-60°C, the 
electrophoresis was continued at 400 V for 60-80 min. RNA structural transitions were 
visualized by silver staining (SCHUMACHER et ah, 1986). 
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Enzymatic probing of PLMVd strands 
In all cases of enzymatic probing, trace amounts of slowly cooled either 5'- or 3'-end-
labelled 338 nt PLMVd (<1 nM, -10 000 cpm) were dissolved in 2 uL of water. The 
resulting RNA mixtures were then diluted to a final volume of 10 \iL that contained final 
concentrations of 10 mM Tris-HCl (pH 7.5), 0.5 mM DTT and 50 mM NH4C1. Solely in 
the case of the reactions performed in the presence of RNase VI, the solution also 
contained a final concentration of 5 mM MgCk. The mixtures were incubated for 1 min at 
25°C in the presence of either 0.16 or 0.25 U of RNase Tl (Roche), 0.25 or 0.5 U of 
RNase TA (Jena Bioscience), 0.1 or 1 pg/uL RNAse A (USB), or 0.02 U of RNase VI 
(Pierce Molecular Biology), and were quenched, after the incubation, by the addition of 
10 uL of 50% formamide and 10 mM EDTA solution. In order to prepare different RNA 
ladders, transcripts were diluted in a final volume of 9 uL containing 20 mM sodium 
citrate (pH 5.0), 1 mM EDTA and 7 M urea, and were then successively incubated at 
90°C for 1 min and at room temperature for 1 min. Then, 1 |j.L of a specific RNase (0.5 U 
of RNase Tl , 0.25 U of either RNase U or RNase TA, or 1 pg/ul of RNase A) was added, 
the mixtures incubated at room temperature for 5 min and the reactions then quenched by 
the addition of 10 uL 50% formamide and 10 mM EDTA solution. In the case of alkaline 
hydrolysis the transcripts were dissolved in a mixture of 9 uL of water and 1 uL of 2 N 
NaOH, and were then incubated at room temperature for 1 min. These latter reactions 
were quenched by the addition of 10 uL of 1 M Tris-HCl (pH 7.5), the RNA was then 
ethanol precipitated in the presence of glycogen and subsequently dissolved in 10 uL 
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50% formamide and 10 mM EDTA solution. All reactions were fractionated on either 5% 
or 8% denaturing PAGE gels, and then subsequently visualized by exposure of the gels to 
phosphor imaging screens. 
Electrophoretic mobility shift assays (EMSA) 
DNA oligonucleotides complementary to different regions of PLMVd transcripts were 
5'-end labelled as described above. These oligonucleotides were purified on denaturing 
20% PAGE gels, excised, eluted overnight in elution buffer and then ethanol precipitated 
in the presence of glycogen. Transcripts were heated at 65-70 °C and then slow-cooled in 
order to ensure proper folding. PLMVd transcripts (30 uM) and oligonucleotides (500 
cpm) were mixed together in either a solution containing 50 mM Tris-HCl (pH 7.5) and 
10 mM magnesium chloride, or in one containing 10 mM Tris-HCl (pH 7.5) and 1 mM 
magnesium chloride, in a final volume of 10 uL. After an incubation of 10 min at 25°C, 
10 |J,L of loading buffer were added prior to electrophoresing overnight at 4°C through 
native 20% polyacrylamide gels (29:1 acrylamide:bisacrylamide ratio) in 45 mM Tris-
borate (pH 7.5) and 150 mM NaCl buffer. The gels were exposed to phosphor screens 
which were then revealed using a Storm scanner (Molecular Dynamics). Analyses were 
performed using both the Image Quant and Prism softwares. 
RNAse H digestion 
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PLMVd transcripts (<1 nM, ~10 000 cpm) were heat-denatured and slow-cooled prior to 
being added to a solution containing 20 mM HEPES-KOH (pH 8.0), 50 mM KC1, 4 mM 
MgCk, 1 mM DTT and 1 uM of a specific oligonucleotide in a final volume of 10 uL. 
One unit of RNAse H was added and the mixtures incubated at 37°C for 10 min at which 
point one volume of stop buffer was added. The Tl RNA ladders were prepared as 
described in the enzymatic probing of PLMVd strands section. After incubation, the 
reactions were heated at 65°C for 5 min before being fractionated on denaturing 8% 
PAGE gels. The gels were exposed to phosphor screens which were then revealed using a 
Storm scanner (Molecular Dynamics). 
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CHAPITRE 2 : 
Analyse structurale tertiaire de PLMVd 
ARTICLE EN PREPARATION: The secondary structure of peach latent mosaic 
viroid is a sequence variant-dependant and may include more than one pseudoknot. 
Audrey Dube, Martin Bisaillon and Jean-Pierre Perreault 
RNA Group/Groupe ARN, Departement de biochimie, Faculte de medecine et des 
sciences de la sante, Universite de Sherbrooke, Sherbrooke, QC, J1H 5N4, Canada. 
Manuscrit a etre soumis au journal Virology 
*L'analyse des criteres de formation du pseudonoeud P12 sera poursuivie avant 
publication. 
Implication dans le travail 
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Resume 
Puisqu'ils n'encodent pour aucime proteine, la structure des viroides est essentielle pour 
mieux comprendre la contribution des differents motifs ARN a l'interieur de leur cycle de 
vie. Les structures secondaires des deux polarites d'un variant Siberian C du viroi'de de la 
mosai'que latente du pecher (PLMVd) ont ete determinees recemment. Malheureusement, 
les techniques utilisees sont fastidieuses et ne permettent pas d'elucider rapidement la 
structure d'un viroi'de. Une nouvelle technique d'acylation de l'hydroxyle de 1'ARN 
analyse par extension d'amorce, communement appele SHAPE, a ete suggeree pour etre 
rapide, liable et applicable pour la determination structurale de nombreuses molecules 
d'ARN. L'analyse par SHAPE de la structure du variant de PLMVd deja etudie a permis 
de confirmer la structure secondaire autant pour le brin de polarite (+) que celui de 
polarite (-). Par la suite, la structure d'un nouveau variant (Alberta) a aussi ete determined 
avec cette approche. La structure du brin d'ARN (-) etait identique a l'autre variant de 
sequence. II en etait de meme pour le brin de polarite (+) a deux exceptions pres: la 
longue tige-boucle P l l - L l l de ce variant forme un motif cruciforme, et des nucleotides 
des boucles LI et L l l sont impliques dans un pseudonoeud. La presence de ces motifs, 
qui sont independants l'un de l'autre, a ete prouvee par mutagenese dirigee. De plus, 
l'analyse SHAPE de plusieurs variants en utilisant des ARN de dimension reduite a aussi 
permis de determiner les criteres de formation de ce nouveau pseudonoeud. Par 




The structure of viroids is important to correlate the implication of some RNA motifs to 
their life cycle steps. The secondary structures of both strands of a variant (Siberian C) of 
the peach latent mosaic viroid (PLMVd) were recently determined. However, the 
techniques used were painstaking and could not be used to rapidly determine the structure 
of this viroid. A new technique, named RNA selective 2'-hydroxyl acylation analyzed by 
primer extension (SHAPE), was recently shown to be fast, reliable and applicable to the 
study of RNA molecules. The results obtained using this method confirm the secondary 
structures previously proposed for the RNA strands of the Siberian C variant. Moreover, 
analysis of a new variant (Alberta) by SHAPE allowed the observation of the same 
structure for the strand of (-) polarity while the (+) polarity strand showed two 
differences: the PI 1-L11 stem-loop domain forms a cruciform structure while nucleotides 
from both loops LI and L l l are involved in a pseudoknot. The presence of both motifs 
was confirmed by site-directed mutagenesis. Analysis of different sequence variants 
using smaller PLMVd strands led to the determination of criteria governing the formation 
of the new pseudoknot structure. Taken together, the results of this study demonstrate the 
usefulness of the SHAPE approach to characterize viroid structures as well as many other 
RNA species. 
Keywords 
Viroids, Secondary structure, Tertiary interaction, SHAPE, Pseudoknot. 
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Introduction 
Viroids are small (-250-400 nucleotides, nt), single-stranded, circular RNAs that infect 
higher plants, causing significant losses in the agricultural industry (FLORES et al, 
2005). At the present time, all the viroid species discovered belong to two families, 
Pospiviroidae and Avsunviroidae. Potato spindle tuber viroid (PSTVd) is a representative 
member of the Pospiviroidae family. Viroids in this family replicate by an asymmetric 
rolling circle mechanism in the nucleus of infected cells (DING et ITAYA 2007). 
According to this mechanism, the (+) polarity is used as a template by the host 
polymerase to produce a concatamer strand of (-) polarity. Subsequently, the polymerase 
uses this latter concatamer strand as a template to synthesize a multimeric strand of (+) 
polarity that will be successively cleave and ligate by a yet unidentified host enzymes in 
order to produce circular monomeric progeny. The Avsunviroidae family is typically 
represented by the Avocado sunblotch viroid (ASBVd). Species from Avsunviroidae 
replicate in chloroplasts by a symmetric mode of rolling circle replication mechanism 
(BUSSIERE et al, 1999). In that case, circular monomeric strands of both (+) and (-) 
polarities are used as templates for synthesis of the counterpart. Concatamer strands of 
both polarities are self-cleaved by the catalytic action of a hammerhead motif. Moreover, 
self-ligation was demonstrated to be responsible for the circularization step at least in the 
case of the Peach latent mosaic viroid (COTE et al, 2001). 
Since viroids do not encode for any protein, the structures adopted by these 
infectious RNA are essential to accomplish the various activities of their life cycle. 
Therefore, determination of the structure adopted by viroids is essential for understanding 
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different mechanisms such as transport, replication and pathogenesis, to name only these 
examples. In general, secondary structures of viroids have been predicted using computer 
software (BUSSIERE et al., 1996) but characterization of biological structures in vitro 
as well as in vivo is obviously more accurate for elucidating the structure-function 
relationship. The secondary structure adopted by PSTVd in solution was the first depicted 
based on biochemical approaches (GAST et al, 1996). PSTVd circular monomeric 
strands were demonstrated to fold into a stable rod-like shape. Subsequently, the 
secondary structure of the PLMVd strands of (+) polarity in solution was determined 
using a combination of enzymatic mapping and oligonucleotide binding shift assays. This 
study revealed that a Siberian C sequence variant folded into a complex, branched 
secondary structure that includes a pseudoknot (BUSSIERE et al., 2000). This latter 
pseudoknot had never been predicted in previous computer analysis. Recently, a similar 
approach was applied for elucidation of the secondary structure adopted by the 
counterpart PLMVd strands from the same sequence variant, i.e. of (-) polarity (DUBE 
et al., 2010). This RNA molecule also adopted a branched secondary structure, however 
several differences were identified including the absence of pseudoknot as retrieved for 
the (+) polarity strand. 
Because viroids are relatively long RNA species, determination of their folding 
secondary structure remains fastidious. This is an important reason explaining why 
research studies presented up till now are solely reporting the secondary structure of a 
single sequence variant at the time. With the aim of determining the structure of several 
variants at a time, and therefore taking advantage of the power of analyzing 
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simultaneously several sequences, a more efficient and rapid approach is needed. A 
global and rapid analysis of RNA structure is now possible with the development of the 
RNA selective 2'-hydroxyl acylation analyzed by primer extension (SHAPE) 
(MORTIMER et WEEKS 2009). The method uses benzoyl cyanide (BzCN) as a 
compound that reacts with the 2'-hydroxyl of accessible single-stranded nucleotides. 
Based-paired and constrained nucleotides are not reacting with the hydroxyl-selective 
electrophile. During primer extension, the reaction is stopped at these specific sites which 
thus reveal the identity of the nucleotide. This technique showed great promises with the 
elucidation of the secondary structure of both a group I intron and HIV RNAs 
(DUNCAN et WEEKS 2008) (WILKINSON et al, 2008). In the present work, the 
potential of SHAPE approach in order to determine the secondary structure of viroid, as a 
model RNA species of several hundred nucleotides, is evaluated. 
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Results and Discussion 
SHAPE data confirm the structures of the PLMVd Siberian C variant 
In order to determine the potential of SHAPE for the structural characterization of 
viroids, we applied this technique to the Siberian C sequence variant that has been 
previously determined using conventional methods, e.g. nuclease probing (BUSSIERE 
et al, 2000, DUBE et al, 2010). This PLMVd variant is also known as PLMVd number 
24 from Primus persica Siberian C cultivar (Genbank accession number AF170496). 
According to the subviral database (ROCHELEAU et PELCHAT 2006), which 
includes all sequences of viroids and related RNA species, the variant number 24 refers to 
PLMVd.034. In order to avoid any confusion, we decided to use the name PLMVd.034 
for the balance of this work. 
Non-radioactive, full-length PLMVd transcripts (338 nt) of (+) and (-) polarities 
were produced by in vitro transcriptions from pPD 1 plasmid that contains a dimeric head-
to-tail copies of PLMVd.034. The resulting concatamer transcripts self-cleaved during 
synthesis, permitting the isolation of linear monomer species after denaturing 
polyacrylamide gel electrophoresis (PAGE). After purification, the transcripts were 
dissolved in ultrapure water, heat denatured at 65°C for 2 min and snap-cooled on ice for 
5 min, before adding Tris-HCl/NaCl solution and incubated at 37°C for 5 min. Previous 
experiments have shown that such a treatment favours structural homogeneity of PLMVd 
transcripts. Successively, MgCl2 and the reagent BzCN were added to the solutions. Since 
the reaction occurs almost instantaneously, the remaining BzCN is inactivated by 
hydrolysis in less than one second to form a non-reactive product (MORTIMER et 
WEEKS 2009). Consequently, the reactions do not need to be quenched. This also 
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reduces the problem usually encountered with structural mapping approaches that require 
longer incubation time. After ethanol precipitation, the pellets were dissolved and primer 
extensions performed. Where modifications occurred, the polymerase stopped, so 
resolving reverse transcription products on sequencing gels led to the identification of 
single-stranded residues. A typical gel for analysis of reverse transcription reactions 
performed in the presence of an oligonucleotide complementary to the P4-L4 stem-loop 
region of the (+) polarity is shown at figure 11A. The reactions were performed either in 
the absence or presence of 10 mM MgCh. The reactions without magnesium can 
highlight the absence of some interactions that normally require magnesium. In such a 
case, the residues involved in a pseudoknot should be more accessible in the absence of 
MgCl2. Gels were exposed on phosphor screens that were then revealed using a Storm 
apparatus, and the intensity of each band was subsequently analyzed using SAFA 
software (LAEDERACH et al, 2008) and represented graphically (see Fig. 1 IB). In the 
present case, we observed that the addition of magnesium decreased the accessibility of 
some nucleotides of the LI loop, suggesting that some rearrangements in this single-
stranded domain have occurred upon the addition of bivalent cations. 
Since a typical primer extension reaction permits accurate analysis of region 
spanning 50 to 100 nucleotides, and because a high level of resolution is required with 
SAFA software, 4 to 5 different oligonucleotides were required to probe the complete 
PLMVd sequence (see Fig. 11C and ID). Only nucleotides at the 3'-ends that 
corresponded to the binding site of the primer could not be probed. Since the values can 
vary according to the exposure time and the half-life of radioactivity, the intensity of 
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radioactivity between experiments was correlated with the values of one common 
nucleotide to two consecutive runs performed with distinct primer oligonucleotides. 
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Figure 11 SHAPE experiment for the determination of the structure of the 
PLMVd.034 variant. 
(A) Typical gel obtained with a SHAPE experiment on full length PLMVd.034 
transcripts. The primer extension was performed with a primer oligonucleotide 
complementary to the P4-L4 stem-loop region. The first two lanes are primer extensions 
performed with dideoxy-cytosine and -guanosine to produce ladders. Lane 3 is a reaction 
performed in the absence of MgCL. but in the presence of BzCN, and lane 4 is a reaction 
in the presence of MgCL. but without BzCN. Finally, lanes 5 and 6 are duplicate reactions 
performed in the presence of both MgC^ and BzCN. Characteristic guanosine residues 
are indicated on the left of the gel, while the positions of three loops (LI, L2 and LI 1) are 
indicated at the right. (B) Graphical representation of the nucleotide accessibility as 
revealed by the SAFA software analysis. The intensity of the control without BzCN was 
subtracted for all nucleotides, and the results obtained for the complete PLMVd sequence 
were normalized with common nucleotides. The reactions performed with and without 
magnesium are represented by the black and red bars, respectively. (C) and (D) are the 
proposed secondary structure of both the (+) and (-) polarity according to the SAFA 
analysis of the accessibility of each nucleotide for the PLMVd.034 sequence variant. The 
boxed region corresponds to the sequence complementary to the primer oligonucleotide 
at the 3'-end, and for which no result could be obtained. Complementary sequences to 
other primers used are indicated by dash lines. Blue boxes indicate nucleotides that are 
not accessible (intensity less than 1% of the highest value), while yellow, orange and red 
boxes indicate levels of accessibility ranging from 1% to 20%, 20% to 50% and more 
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Figure 12 Compilation of SHAPE results for the PLMVd.034 variant. 
Results from SHAPE represented on the secondary structure for both plus (B) and minus 
(A) strand. Each stem already identified for both polarities are indicated at the bottom of 
the graph. The nucleotides 262 to 293 for the plus strand and 264 to 293 for the minus 
strand shown a region with not result because they are the complementary region of the 
first oligonucleotide used for the RT-PCR reaction. The reactions performed with and 
without magnesium are represented by the black and red bars, respectively. 
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Data from at least triplicate reactions, in addition to the overlapping regions analyzed 
using two distinct primer oligonucleotides, were pooled together to establish the SHAPE-
based secondary structure of PLMVd RNA strands of both polarities (see Fig. 11C and D, 
see figure 12 for the histograms presenting the intensity of accessibility of all positions 
for both polarities). Results for both polarities are in good agreement with the reported 
structures (BUSSIERE et al, 2000, DUBE et al, 2010). Briefly, nucleotides of loops 
and junctions reacted at different levels, supporting the fact that they were accessible 
while those in double-stranded regions were not. However, there are also some minor 
differences as for bulged residues along the P l l stem that appeared inaccessible most 
likely because they stacked with adjacent base-paired nucleotides. Similarly, the residues 
of the L2 loop did not react, suggesting that there are not accessible. In that case, we also 
have additional information suggesting that this loop is probably involved in a tertiary 
interaction (A Dube and JP Perreault, unpublished data). Moreover, the sequence of the 
L2 loop is perfectly conserved in all PLMVd sequence variants (>300 variants), 
suggesting that it is an important domain for a biological activity that still remains to be 
identified. Conversely, there are also nucleotides from double-stranded regions, likely in 
the P6a stem, that show accessibility, although at a reduced level. Such minor differences 
can be indicative of local structural microheterogeneity. Finally, differences resulting 
from the presence of magnesium were also detected. For example, the P8 pseudoknot 
seems to require the presence of magnesium, as in the absence of MgCb, the loop L6 
exhibited an important accessibility based on the reactivity to the BzCN reagent. More 
importantly, SHAPE approach allows the validation of the PLMVd structures for both 
polarities through simple experiments that take a few days instead of several months. 
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Analysis of the PLMVd Alberta sequence variant 
In order to further explore the potential of SHAPE approach for structural probing of 
viroids we analyzed another PLMVd sequence variant. Specifically, the Alberta variant, 
also known as variant 151.1 (accession number DQ680690), and also referring to 
PLMVd.282 (according to the subviral database), was probed. This sequence variant is 
337 nt in size, possesses 52 mutations compared to the PLMVd.034, and exhibits high 
infectivity when inoculated on peach tree GF-305 cultivar (DUBE et al, 2010). Full-
length transcripts of both polarities were produced in vitro as described for the 
PLMVd.034 variant and then probed by SHAPE. The histograms summarizing the 
intensity of accessibility of all positions for both polarities can be found at figure 13. The 
secondary structures proposed for RNA strands of both polarities based on these data are 
depicted at figure 14. For the PLMVd.282 variant of (+) polarity, the Pl-Ll and P l l -L l 1 
stem-loop structures, which composed the left-handed domain, showed significant 
differences that will be discussed below. Conversely, the right-handed domain, composed 
by the P2-L2 to the P10-L10 stem-loop structures including the P8 pseudoknot, was 
virtually identical to the PLMVd.034 variant with the exception of minor structural 
rearrangements resulting from the sequence differences. Importantly, most of the 
PLMVd.282 RNA of.(+) polarity folded into a secondary structure similar to the one of 
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Figure 13 Compilation of SHAPE results for the PLMVd.282 variant. 
Results from SHAPE represented on the secondary structure for both plus (B) and minus 
(A) strand. Each stem already identified on variant PLMVd.034 for both polarities are 
indicated at the bottom of the graph. The nucleotides 262 to 291 for the plus strand and 
260 to 300 for the minus strand shown a region with not result because they are the 
complementary region of the first oligonucleotide used for the RT-PCR reaction. The 
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Figure 14 Proposed secondary structures for both strands of the PLMVd.282 
variant. 
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The intensity of the accessibility is shown on the secondary structure proposed for this 
variant of PLMVd. Both (+) and (-) secondary structure are represented, (A) and (B) 
respectively. The boxed sequence shows the region covered by the first primer, for which 
no result could be obtained. Blue boxes indicate not accessible nucleotides (intensity less 
than 1% of the highest value), while yellow, orange and red boxes indicate different level 
of accessibility (between 1% and 20%, between 20% and 50% and more than 50% of the 
highest value, respectively). 
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The left-handed domain included four regions that exhibited a different 
accessibility level according to the reactivity with the BzCN reagent. On one hand, we 
observed that the nucleotides from positions 18 to 23 and 314 to 319, which are sequence 
stretches mainly complementary and forming double-stranded region according to the 
secondary structure of the PLMVd.034 variant of (+) polarity, appeared relatively 
accessible within the PLMVd.282, while the adjacent sequences located on each side 
were not. This is a pattern of an additional stem-loop on both the upper and lower strands 
of the Pll rod-like structure (Fig. 14). Based on sequence comparisons, it has been 
proposed that the stem PI lb and the adjacent nucleotides on both sides may adopt a 
slightly less stable, in terms of energy, alternative structure corresponding to the 
hammerhead hairpin II on both strands (AMBROS et ah, 1998), which is in agreement 
with the pattern of accessibility obtained by SHAPE. In the case of the PLMVd.034 
variant, it was shown that a small fraction may have adopted such a structure including 
the hairpin on both strands of the Pll stem based on nuclease mapping (BUSSIERE et 
al, 2000). According to SHAPE data, this second structure is favoured for the 
PLMVd.282 sequence variant. Therefore, the left-handed domain of the PLMVd.282 
variant looks like a cruciform structure instead of a long rod-like shape. 
On the other hand, several residues of both the LI and Lll loops of the 
PLMVd.282 variant showed almost no reactivity to the BzCN, indicating that they are no 
longer accessible, and most likely not in single-stranded regions as found in the 
PLMVd.034 sequence (i.e. positions 335 to 2 and 64 to 68). Specifically, these sequences 
335UAACC2 and 64GGUUA68 were complementary and may form a pseudoknot. The 
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accessibility of these two regions was significantly more important in the absence of 
MgCb, supporting the presence of a pseudoknot. Such a pseudoknot has been previously 
proposed based on sequence analysis (AMBROS et at, 1998). However, this is the first 
time that it receives physical evidence based on probing in solution. This new stem is 
assigned as P12 pseudoknot (i.e. previously named P13 (PELCHAT et at, 2000b), 
however it is more appropriate to use P12 since there was no report of the presence of the 
previously named P12 structure). If it is proved to be indeed formed, it will generate a 
structure that includes two distinct pseudoknots (P8 and P12 pseudoknots). 
In the case of the PLMVd.282 strands of (-) polarity, SHAPE data allowed the 
deduction of a secondary structure that is almost identical to the one of the PLMVd.034 
strand of the same polarity, although some minor differences were observed for several 
nucleotides (e.g. lower portion of the L l l loop). Neither the band pattern supporting the 
formation of the cruciform nor the P12 pseudoknot has been retrieved (see Fig. 13 and 
Fig. 14). Thus, PLMVd RNA strands of (-) polarity appeared folding into similar 
secondary structures even if they were significantly different in terms of sequences (52 
mutations). It is also interesting to observe that the variation of sequences influenced the 
folding of the (+) polarity while it seemed to have only limited and local effect on the 
secondary structure of the (-) polarity strands. Moreover, the RNA strands of both the (+) 
and (-) polarity of the PLMVd.282 sequence variants folds differently, a notion indicating 
that it was not a phenomenon associated only to the PLMVd.034 variant. Importantly, the 
efficiency of the SHAPE approach has led to probe efficiently a new PLMVd sequence 
variant, including the finding of two new structural motifs. 
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Confirmation of the cruciform motif 
The cruciform structure detected for the PLMVd.282 RNA of (+) polarity corresponded 
to the formation of the hairpin II of the hammerhead structure on the lower strand, and its 
counterpart on the upper strand (Fig. 15A). Both stems are located in the middle of the 
P l l rod-like structure (Fig. 15A). Covariation of the base-paired nucleotides forming this 
helix II was reported in all PLMVd sequencing studies (AMBROS et al, 1998, FEKIH 
HASSEN et al, 2007, PELCHAT et al, 2000b). This supports its existence in all 
PLMVd sequence variants and is in agreement with the existence of selective pressure in 
favour of the hammerhead self-cleavage activity. Bioinformatic analyses for secondary 
structure predictions were performed in order to learn from the probability of inclusion of 
the hairpin II producing a cruciform structure instead of the long rod-like one for the PI 1-
Ll 1 stem-loop domain. When several secondary structures were considered as output of 
the bioinformatic predictions, some including the cruciform were obtained for 
PLMVd.282 although those with the P l l forming a rod-like were favoured in terms of 
energy (data not shown). Conversely, none including the cruciform was retrieved for the 
PLMVd.034 variant. However, refinement of the analysis using only the sequence limited 
to the PI 1-LI 1 stem-loop domain did not yield to identify rules governing the formation 
of the long rod-like versus the cruciform motifs because the difference in terms of energy 
were not sufficiently significant. Prediction of the secondary structure of many other 
PLMVd sequence variants revealed that only a small proportion should favour inclusion 
of the hammerhead hairpin II within the most stable ones. 
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Figure 15 Analysis of the cruciform motif. 
The Pll stem can fold into either the Pll stem or the cruciform motif, which includes 
hairpin II of the hammerhead ribozyme in both strands (A). SHAPE profile for the wild-
type sequence (B) compared to a mutated sequence that prevents the formation of the 
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cruciform motif but keeps the PI 1 stem-loop (C). In (D) the sequences implicated in the 
formation of the cruciform were replaced by one base-pair. 
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Subsequently, we performed a minimal mutational study in order to learn about 
the hairpin II inclusion or not within the rod-like formed by the P l l - L l l stem-loop. 
Initially, the full-length PLMVd.282 was trimmed to 174 nt in order to isolate the left-
handed domain (i.e. P10, PI 1, PI and P2 stems; see Fig. 15B). For every molecule of (+) 
polarity, the nucleotide U9 was changed for an A and A330 to a U to prevent the cleavage 
by the hammerhead ribozyme. The complementary inversion was done on the minus 
polarity. Covariable mutations were also added in both the P2 and P9 of both the (+) and 
(-) polarities respectively in order to lower the stability of those stems and consequently 
facilitating the annealing of the primer used during the reverse transcription step. In the 
P2 of (+) strands, the following changes were done: C77U, C79U, G90A and G92A, while in 
the P9 of (-) strands, the C82A, G84A, C94U and G96U mutations were performed. When 
corresponding transcripts were synthesized and analyzed by SHAPE approach, the 
probing data were virtually identical to those obtained from the full-length sequence (Fig. 
15B and Fig. 13A). Briefly, the residues involved in the formation of the hammerhead 
hairpin II on the lower strand and corresponding one of the upper strand were either 
inaccessible and showed only a limited accessibility, while those of the two loops 
exhibited a significant reactivity to the BzCN. Moreover, the residues involved in the 
formation of the P12 pseudoknot showed also no or only a limited reactivity to the 
SHAPE reagent indeed supporting the formation of this helix. Importantly, these data 
showed that the small transcripts folded according to the structure probed for the full-
length transcript, and therefore is enough to detail the analysis of the cruciform motif. A 
sequence mutant that should favour the formation of a long rod-like P l l stem was also 
produced. In order to do so, the residues in positions 13 to 17 and 320 to 324 (i.e. 
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13GUCGC17 and 320GGAAC324) involved in the formation of the hairpin II and 
counterpart helix were mutated in a way to favour the formation of the long rod-like PI 1 
stem (i.e. 13CAGCG17 and 320CCUUG324, respectively). Probing of the corresponding 
transcript showed that the residues of the two loops were less accessible for the BzCN 
reaction, supporting the idea that this transcript folded into a long rod-like structure 
instead of the cruciform motif. In fact, the probing data were in agreement with the ones 
obtained for the equivalent region of the PLMVd.034 sequence variant. Interestingly, the 
nucleotides suspected to be involved within the formation of the P12 pseudoknot 
remained unreactive to the BzCN reagent (Fig. 15C). This is a good indication that the 
formation of the P12 pseudoknot is, or at least partially, independent of the presence of 
the cruciform motif. Finally, a mutant for which the sequences that are involved in the 
formation of the hairpin II on the lower strand and its counterpart stem-loop on the upper 
strand were deleted was also synthesized (Fig. 15D). In fact, it was replaced by a single 
base pair in order to compensate for the spacing created by the presence of palindromic 
stem-loop structures. Probing data of this mutant indicated that it folds into a rod-like 
structure (avoiding the inclusion of the hairpin II and its counterpart) and included the 
P12 pseudoknot. Thus, the cruciform folding is not essential for the formation of the P12 
pseudoknot and appears less stable than the P l l according to the bioinformatic 
predictions. 
Characterization of the P12 pseudoknot 
Both the full-length and smaller-derived PLMVd.282 transcripts of (+) polarity folded 
into structures that allowed the detection of SHAPE banding pattern in agreement with 
115 
the formation of the P12 pseudoknot (Fig. 13A and 15B). The formation of this 
pseudoknot involved base-pairing between the nucleotides in positions 335 to 2 of the 
L l l loop with those in positions 64 to 68 from the loop LI of the PLMVd.282 variant 
(Fig. 16A). In order to provide addition physical support for the presence of the PI2 
pseudoknot, a mutation analysis was performed. Initially, a mutant that did not allow the 
formation of the P12 pseudoknot was produced by changing the sequence 335UAACC2 to 
335AUUGG2 (Fig. 16B). The SHAPE pattern showed that the putative nucleotides 
involved in the P12 pseudoknot showed a drastically improved reactivity to the BzCN 
reagent in the presence of MgCL,. Clearly, these residues were single-stranded in this 
construction. When the compensative mutations were introduced in the LI loop (i.e. 
64CCAAU68), the SHAPE pattern was in agreement with the formation of the P12 
pseudoknot (Fig. 16C). However, the "rescue" exhibited a BzCN reactivity that was not 
as low as for the wild type sequences. This indicated that the P12 pseudoknot was formed 
with more than one sequence, but the stability was not exactly the same according to the 
sequence. 
In order to further characterize the sequence that may be involved in the formation 
of a P12 pseudoknot, a covariation sequence analysis was performed. All known PLMVd 
sequences reported yet were analyzed for finding potential consecutive base pairs 
between the LI and L l l loops of the RNA strands of (+) polarity (Fig. 17). Among the 
308 PLMVd known sequences, 160 variants (53%) may form a potential pseudoknot of 5 
base pairs up to 8, while 66 variants (21%) a pseudoknot of 4 base pairs, 64 variants 
(21%) a pseudoknot of 3 base pairs and the other 18 variants (5,8%) 2 base pairs or less. 
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For the (-) strand, similar results could be obtained even if there is no result supporting its 
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Figure 16 Characterization of the P12 pseudoknot using a small model transcript 
derived PLMVd.282. 
SHAPE on the wild-type (A), mutant (B) and rescue (C) small transcripts derived from 
PLMVd.282. The nucleotides implicated in the interaction are indicated in the secondary 
structures. The intensity of primer extension reactions for each nucleotide is represented 
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graphically. The LI and Lll loopds are boxed and the nucleotides implicated in the 
cruciform are underlined and indicated with the (c). 
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Figure 17 Histogram presenting the number of sequence variants versus size of the 
potential P12 pseudoknot. 
The pseudoknot potential between nucleotides of the LI and Lll were analysed for the 
(+) polarity of all 308 known PLMVd sequence variants. Nucleotides from position 60 to 
68 of the LI and 333 to 6 from the Lll were considered. Among all PLMVd known 
sequences, 1 variant (0,3%) may form a potential pseudoknot of 8 base pairs, while 3 
variants (1%) a pseudoknot of 7 base pairs, 21 variant (7%) a pseudoknot of 6 base pairs, 
135 variants (44%) a pseudoknot of 5 base pairs, 66 variants (21%) a pseudoknot of 4 
base pairs, 64 variants (21%) a pseudoknot of 3 base pairs and the other 18 variants 
(5,8%) 2 base pairs or less. 
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To verify if this putative pseudoknot can be probe on other variants, small-derived 
transcripts similar to the PLMVd.282 ones were designed from randomly chosen PLMVd 
natural variants. Specifically, transcripts based on the sequences of 3 different PLMVd 
variants were synthesized. In each case, three transcripts were synthesized: one 
corresponding to the wild type sequence, one corresponding to the mutation of the 
residues in the LI loop proposed to be involved in the formation of the PI 2 pseudoknot, 
and one corresponding to the "rescue" in which the residues of the LI 1 loop were 
mutated to be complementary to those of the mutated PI sequence. Those three 
transcripts possess mutations preventing the hammerhead self-cleavage and others in the 
P2 allowing easier evaluation by primer extension. The transcripts corresponding to the 
variant sequence PLMVd.276 (nomenclature according to the subviral database) was 
retrieved from the Henry cultivar (Fekih Hassen et al., 2007; NCBI accession number 
DQ680793; potential to form 0 base pair as P12 pseudoknot), the PLMVd.254 was 
retrieved from the Early May Crest cultivar (Fekih Hassen et al., 2007, NCBI accession 
number DQ680756; potential to form 3 base pairs as P12 pseudoknot) and the 
PLMVd.261 isolated from the Royal Glory cultivar (Fekih Hassen et al., 2007, NCBI 
accession number DQ680736; potential to form 7 base pairs P12 pseudoknot) were 
synthesized. In the case of the transcripts derived from the PLMVd.276, neither the 
mutant nor the rescue was synthesized, as no base pair could be retrieved in the wild-type 
sequence. All transcripts were probed by SHAPE and data are reported at figure 18. In 
the case of the transcript derived from the PLMVd.276, the residues of both the loops LI 
and LI 1 exhibited a high BzCN reactivity indeed confirming that they were not forming a 
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Figure 18 Probing the P12 pseudoknot of various PLMVd variants. 
The pseudoknot potential formation was analysed in randomly chosen PLMVd variants. 
Variants with no potential pseudoknot (variant PLMVd.276), a potential pseudoknot of 3 
bp (variant PLMVd.254) and 7 bp (PLMVd.261) were probed by SHAPE. For the 
PLMVd.261 variant, a wild-type sequence and a mutated sequence version that prevents 
the formation of the potential pseudoknot were synthesized. The sequence of the LI and 
LI 1 potentially implicated in the formation of the P12 pseudoknot are shown above each 
corresponding graph. The region of the LI (right boxes) and L l l (left boxes) are 
indicated to facilitate the comparison. The nucleotides implicated in the cruciform are 
underlined and indicated with the (c). 
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Similar results were obtained for the transcripts derived from the PLMVd.254 
variants. Since the sequence of this variant may support the formation of a P12 
pseudoknot including only 3 base pairs, this result may indicate that this does not meet 
the requirement to observe a stable pseudoknot. In fact, this is in agreement with the fact 
that we cannot detect formation of the PI2 pseudoknot with the sequence of the 
PLMVd.034 variant for which such a helical region of 4 base pairs is predicted. 
Conversely, the transcripts derived from the PLMVd.261 exhibited a SHAPE banding 
pattern in agreement with the formation of a stable P12 pseudoknot formed by 7 base 
pairs. Specifically, the residues of both the LI and LI 1 loops exhibited no, or a reduced, 
accessibility in the wild-type derived transcripts, a significantly improved accessibility in 
the mutated transcripts, and a reduced one in the "rescue" transcripts (although not 
comparable to the wild-type sequence). Altogether, these data suggested that the minimal 
length of the P12 pseudoknot to observe its formation is most likely 5 base pairs, since 
shorter base pairs did not permit the formation of an enough stable helical structure to 
allow its detection, at least under the conditions tested. 
Interestingly, the banding pattern confirmed the formation of the cruciform in the 
PLMVd.261 and PLMVd.254, while not in the PLMVd.276. These results support the 
idea that there is no absolute required for the formation of the hairpin II in order to 
observe the formation of the pseudoknot. In fact, it may be the opposite: the formation of 
the hairpin II (i.e. the cruciform) could be a consequence of the pseudoknot interaction. 
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Concluding remarks 
In this manuscript, the SHAPE was successfully used to confirm the folding secondary 
structure of both strands of PLMVd variant PLMVd.034 as well as to determined the one 
of variant PLMVd.282. The analysis performed led us to characterize a novel pseudoknot 
as well as document the formation of both a long rod-like and a cruciform motif by the 
sequence of the P l l - L l l domains for various sequence variants. It will be of great 
interest to identify more specific rules governing the formation of these different motifs 
as well as to determine their biological importance. Clearly, SHAPE appears as a rapid, 
quantitative and reliable approach for the determination of secondary structures of viroid, 
and more generally long RNA molecules. In the case of viroids, the current report 
suggests that SHAPE should be a gold standard in order to predict the secondary structure 
of new viroids. Specifically to PLMVd, it is now clear that strands of both polarities fold 
into different secondary structure as well as strands of one polarity may adopt different 
structures (i.e. at least for the (+) polarity). 
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Materials and methods 
In vitro transcription and purification of RNAs 
Transcriptions for both polarities of PLMVd variant PLMVd.034 were performed 
as described previously from the pPDl plasmid (DUBE et al, 2010). The variant 
PLMVd.282 was dimerized and cloned into the pGEM-T. Plasmids with dimer inserted 
in both orientations were conserved and transcriptions were performed on Spel digested 
plasmids with purified T7 RNA polymerase. The transcription reactions were performed 
for 3 h at 37°C in a final volume of 100 n.L containing 80 mM HEPES-KOH (pH 7.5), 
24 mM MgCl2, 2 mM spermidine, 40 mM DTT, 5 mM of each NTP, 0.004 U/uL 
pyrophosphatase (Roche Diagnostics), 37 U RNA Guard (Amersham Biosciences) and 10 
ug of purified T7 All the transcriptions were fractionated by denaturing (8M urea) 5% 
polyacrylamide gel electrophoresis (PAGE 19:1 ratio of acrylamide/bisacrylamide) using 
IX TBE buffer. The 338 and 337 nt RNA products self-cleaved were excised under UV 
shadowing and eluted overnight in elution buffer (500 mM NtkOAc, 1 mM EDTA and 
0.1 % SDS). The RNA products were then ethanol precipitated, washed with ethanol 70% 
and quantified by spectrophotometry. 
For small PLMVd molecules, long DNA oligonucleotides with the inverse 
sequence of the T7 promoter added at the 5' end were used as template. DNA templates 
were prepared by PCR filling reactions using Pwo DNA polymerase (Roche Diagnostic) 
and an oligonucleotide that included the T7 RNA promoter sequence. The 
oligonucleotides used are represented in the table 3. The transcriptions were then 
performed as described above. 
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Tableau 3 Oligonucleotides used for small PLMVd molecules 

















AGGAACTCGTCAGTGTGCTAAGCACAGACCTTTCACTCAGAGTCACCTCTGAGCCC7X TA G 
TGAGTCGTATTA 
PLMVd.282 GGGCATCTCAAGGTGGAGAGACTGAGAGGTAACCACTCTCTCATAAGTCTGGGCTTAGCC 





Rescue AOCTTGTCGTC AGTGTGCT AAGCAC AGACCTTTCACTCAGAGTCACCTCTGAGCCC TA TA G 
TGAGTCGTATTA 
PLMVd.282 GGGCATCTCAAGGTGGAGAGACTGAGAGGTAACCACTCTCTCATAAGTCTGGGCTTAGCC 
+ Cruci CACTGACGAGACGAATCTTATGGGTTAGAAAGGATTCGTCTCGTCAGTGTGCTAAGCACA 






















































GAGACTC ATCAGTGCGCTTAGCGCGACTCTTC ATCCAGAATC ACTTCTGGAGCCC TATAGT 
GAGTCGTATTA 
5'-end labelling of oligonucleotides 
Oligonucleotides (10 pmol) complementary to the stem-loops PI, P3, P4, P7, P9 and P10 
of both polarities of variant PLMVd.034 and PLMVd.282 were 5'-end labelled in the 
presence of 3.2 pmol [y-32P]-ATP (6000 Ci/mmol, New England Nuclear) and 3 U of T4 
polynucleotide kinase according to the manufacturer's procedure (USB). The reactions 
were performed at 37°C for 60 min. The oligonucleotides were fractionated by 
denaturing (8M urea) 10% PAGE electrophoresis (19:1 ratio of 
acrylamide/bisacrylamide) using IX TBE buffer. After autoradiography, the bands 
containing the appropriate 5'-end-labelled oligonucleotide were excised and the DNA 
recovered as described above. For the analysis of small PLMVd sequences, 
oligonucleotides complementary to the P2 for the plus strand and P9 for the minus strand 
were used. The same P2 oligonucleotide was used for every variant, except for the variant 









Table 4 Oligonucleotides used for the primer extension reactions performed during 
SHAPE experiments 
Variant Complementary Sequence (5'-...-3') 
region 





GGG GCT GAG AGG TCA TTA CTC TCT C 
GCT CCA CCT TAC CTC ATT GCG AGG TTC 
GAT CAC ACC CCC CTC GGA ACC AAC CGC 
GGG TTT GAA TCC CGG GTA GAC G 






GAC TTT TGA GAG AGT AAT GAC CTC TCA GCC 
GGA GCA CTG CAG TTC CCG ATA G 
GAA CCT CGC AAT GAG GTA AGG TGG G 
GTT GGT TCC GAG GGG GGT GTG ATC 






GGG GCT GAG AGG TAA CCA CTC TCT C 
GTC CCA CCT TAC GTC ATT GCG AGG TGC 
GAT CAC ACT CCC CCT GGG TTC GAC C 
GGG TTT GAA TCC CGG GTA GGC G 






GAC TTA TGA GAG AGT GGT TAC CTC TCA GCC 
SAME THAT P3 #24 -
GCA CCT CGC AAT GAC GTA AGG TGG G 
GGT CGA ACC CAG GGG GAG TGT GAT C 
ACC CGG TCC CCC TCA GAG GTG ACT C 




Small PLMVd- P9 CAGAGATTCAAACTCTGTCCCCCTCAG 
SHAPE 
RNA selective 2'-hydroxyl acylation analyzed by primer extension (SHAPE) was 
performed on PLMVd of both strands for two different variants PLMVd.034 (variant #24 
from Prunus persica Siberian C cultivar) and PLMVd.282 (variant #151.1 from Alberta 
cultivar). RNA aliquots of 5 pmol (diluted in water to adjust the volume to 8 ul) were 
heated at 65°C for 2 minutes, put on ice for 5 minutes and then 1 ul of 500 mM Tris-HCl 
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pH 7.5 and 1 ul of 500 mM NaCl was added. The mixtures were conserved at 37°C for 5 
minutes and 1 ul of 100 mM MgCb was added. Finally, the addition of 1 ul of 600 mM 
benzoyl cyanide (BzCN) in DMSO was performed. This reaction did not need to be 
stopped since the BzCn reaction is instantaneous and any remaining reagent will be 
hydrolyzed. All reactions were ethanol precipitated in the presence of glycogen and 
washed with ethanol 70%. Negative controls with DMSO but without BzCN and 
magnesium were also performed in the same conditions. 
Primer extensions were finally performed with the Superscript III (Invitrogen) 
and radioactively labelled oligonucleotide complementary to the analysed RNA (see 
Table 4). First, all pellets were resuspended in 12 ul of water and 1 ul (1 pmol) of 
labelled oligonucleotide was added. All the mixtures were incubated 5 minutes at 65°C, 5 
minutes in 37°C and then 1 minute at 4°C. A mix of 4 ul 5X first strand buffer, 1 ul DTT 
0.1 M, 1 ul dNTPs 10 mM and 2 ul DMSO was added to each sample and incubated at 
61°C for 1 minute. Controls with 1 ul of 10 mM ddCTP and another with 2 ul 10 mM 
ddGTP were also performed. After, 0.5 ul of Superscript III enzyme was added and 
incubated at 61°C for 10 minutes before the addition of 2 ul NaOH 2N. The reactions 
then were incubated at 95°C for 5 minutes and ethanol precipitated with glycogen. After 
a wash with ethanol 70%, the samples were resuspended in 10 ul of 95% formamide, 10 
mM EDTA, xylene cyanol solution and the radioactivity was evaluated by Cerenkov 
counting. The same amount of radioactivity was loaded on denaturing 8% PAGE gels, 
dried and then subsequently visualized by exposure of the gels to phosphor imaging 
screens. Every gel was analysed with the SAFA software (http://safa.stanford.edu) 
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(LAEDERACH et ah, 2008). Each experiment was repeated three times and the results 
are an average of those three repetitions. 
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Resume 
Etant composes d'une seule molecule d'ARN simple-brin non-codante, les 
viroi'des doivent necessairement interagir avec diverses proteines de leur hote pour 
completer leur cycle de replication. La premiere proteine essentielle est sans aucun doute 
une polymerase pour assumer la synthese de nouvelles particules virales. Toutefois, 
certaines interactions ARN-proteines pourraient aussi etre implique dans le transport des 
viroi'des a travers la plante ou a l'interieur des cellules ou favoriser certaines activites, 
telles que, les activites de clivage et de ligation des viro'ides. 
Nos recherches s'interessent particulierement au viroi'de de la mosai'que latente du 
pecher. Avant le debut de ce projet, aucune proteine n'etait connue pour interagir avec ce 
viroi'de. Dans le but d'identifier des partenaires d'interaction entre PLMVd et des 
proteines de son hote, des extraits semi-purifies de proteines de pecher ont ete utilises. 
Grace a des hybridations de type northwestern et par spectrometrie de masse, six 
proteines ont pu etre identifie pour interagir avec PLMVd. Tout d'abord, l'interaction 
entre PLMVd et le facteur d'elongation 1-alpha a ete confirme par immunoprecipitation 
couplee a une transcription inverse suivie d'une reaction de polymerisation en chaine 
(PCR). La caracterisation in vitro de cette interaction a par la suite ete entreprise par gel a 
retardement, fluorescence et hybridation de type northwestern avec la proteine 
recombinante purifiee. Le site de liaison a ete cartography sur la structure de PLMVd de 
polarite positive et 1'implication de cette proteine dans le cycle de PLMVd discutee. 
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Abstract 
Peach latent mosaic viroid (PLMVd) is a small, single-stranded, circular RNA pathogen 
that infects Prunus persica trees. As with all other known viroids, the PLMVd genome 
does not encode any proteins. Consequently, it must interact with host cellular factors in 
order to ensure its life cycle. With the objective of identifying cellular proteins that 
interact with PLMVd, northwestern hybridizations were performed using peach leaf 
extracts partially purified. Mass spectrometric analysis of the detected RNA-protein 
complexes led to the identification of six putative RNA-binding proteins. One of these 
was found to be elongation factor 1-alpha (eEFIA), and, because of its known 
involvement in the replication and translation of various RNA viruses, further 
characterizations were performed. Initially, the existence of this interaction received 
support from an experiment that immunoprecipitated the eEFIA from a crude extract of 
infected peach leaves, coupled with a RT-PCR detection of the PLMVd. Subsequently, 
eEFIA interaction with PLMVd strands of both polarities was confirmed in vitro by 
electrophoresis mobility shift assays, fluorescence spectroscopy and by the prediction of 
an altered PLMVd RNase mapping profile in the presence of the protein. The potential 
contribution of eEFIA to the molecular biology of PLMVd including for the viroid 
replication is discussed. 
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Introduction 
Viroids are small (250-400 nucleotides, nt), single-stranded, circular pathogenic RNAs 
that infect higher plants frequently causing significant losses in agriculture. In infected 
cells, viroids replicate in a DNA-independent manner via a rolling circle mechanism that 
follows either a symmetric or an asymmetric mode. In the symmetric mode, the infecting 
circular monomer, which is assigned plus (+) polarity by convention, is replicated into 
linear concatemeric minus (-) strands which are then spliced and ligated, yielding minus 
circular monomers. By using these latter RNA molecules as templates, the same three 
steps are then repeated in order to produce the progeny. In contrast, in the asymmetric 
mode, the linear concatemeric (-) strands serve directly as the template for the synthesis 
of the linear concameric (+) strands. 
There are thirty-four different viroid species known to belong either to the 
Pospiviroidae or Avsunviroidae families. Members of the Pospiviroidae family share a 
conserved central region, have a nuclear localization and replicate via an asymmetric 
rolling circle mechanism. Conversely, the members of the Avsunviroidae are localized in 
the chloroplasts and replicate through a symmetric rolling circle mechanism involving 
hammerhead self-cleavage activities (DING et ITAYA 2007). 
Peach latent mosaic viroid (PLMVd) is the causative agent of an economically 
important disease that leads to the death of infected Prunus persica trees, often in 
epidemic proportions (DESVIGNES 1986). Peach latent mosaic is distributed 
worldwide and is transmitted by contaminated land tools, grafting, aphids (Myzus 
persicae) and even by pollen, as recently reported (BARBA 2007, HASSEN et ah, 
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2006). The disease generally remains latent (i.e. asymptomatic) in trees for five to seven 
years before symptoms begin to appear. These symptoms include bud necrosis, delayed 
shoot development and branches becoming necrotic and dying off. Fruit symptoms 
consist of discoloured areas on the skin. PLMVd also infects apricot, pear, nectarine, 
plum, citrus, almond and cherry trees. Since PLMVd possesses a hammerhead structure 
and replicates in chloroplasts, it belongs to the Avsunviroidae family. This infectious 
RNA is 335 to 351 nt in size, depending on the sequence variant, and folds into a 
branched secondary structure (BUSSIERE et al, 2000, HASSEN et al, 2006). 
Considering that the viroid genome does not encode any protein, these infectious 
agents need to interact with cellular factors in order to ensure their life cycle. For 
example, to be infectious, viroids have to pass through many critical steps. First, they 
must be imported into the subcellular organelle that contains the RNA polymerase that 
supports their replication. Second, they must then be exported out of this replication site 
and transported both from cell-to-cell and within the vascular system. Finally, they need 
to penetrate other parts of the host plant in order to ensure the propagation of the 
infection. Consequently, it is hypothesized that various host proteins could be implicated 
not only in these different steps, but also in other central mechanisms such as the viroid's 
replication and its associated pathogenic activities (DENG et ITAYA 2007). 
Some proteins have been reported to bind viroids both in vitro and in vivo. For 
example, it was shown that RNA polymerase II can replicate viroids from the 
Pospiviroidae family in vitro (FELS et al, 2001), an observation that is supported by the 
demonstration that a-amanitin inhibits the synthesis of potato spindle tuber viroid 
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(PSTVd) in infected cells (RACKWITZ et al, 1981). Similarly, the hop stunt viroid 
(HSVd) was shown to bind the cucumber phloem lectin protein PP2 of phloem exudates 
(GOMEZ et PALLAS 2004). This interaction has been proposed to play an important 
role in HSVd transport within the vascular system of the plant. Lastly, a screening assay 
performed with the goal of identifying RNA-binding proteins from a cDNA expression 
library revealed an interaction between PSTVd and the host tomato protein Virpl 
(GOZMANOVA et al, 2003, MANIATAKI et al, 2003, MARTINEZ DE ALBA 
et al, 2003), an interaction that recently was demonstrated to be important in the 
infectivity of this viroid (KALANTIDIS et al, 2007). All of these studies were 
performed with viroids belonging to the Pospiviroidae family, to date there is only one 
report in the literature of a protein interacting in vivo with a species belonging to the 
Avsunviroidae family. Specifically, the PARBP33 protein was shown to interact with the 
avocado sunblotch viroid (ASBVd), enhancing its self-cleavage activity in in vitro 
experiments (DAROS et FLORES 2002). 
As yet, no protein has been reported to interact with PLMVd. Self-cleavage assays 
have shown that neither the activity of the PLMVd-derived hammerhead motifs, nor that 
of the full-length viroid, was modulated by the presence of PARBP33 under the 
conditions tested, as was observed for ASBVd (A. Dube and J.P. Perreault, unpublished 
data). With the objective of identifying any protein that interacts with PLMVd, 
northwestern hybridizations were performed with partially purified peach leaf protein 
extracts. Mass spectrometric analysis of the resulting RNA-protein complexes led to the 
identification of six putative RNA binding proteins, one of which was elongation factor 
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1-alpha (eEFIA). The interaction of this protein was confirmed in vitro, and further 
characterization of the PLMVd-eEFIA complex was undertaken. 
Materials and Methods 
Protein fractionation 
All the purification steps were performed at 4°C. Initially, 10 g of uninfected peach leaves 
(Siberian C cultivar) were cut into small pieces, ground into a fine powder under liquid 
nitrogen and then homogenized in 50 mL of PA Buffer [50 mM Tris-HCl (pH 7.8), 1 mM 
EDTA, 50 mM (NH^SC^ and 10% glycerol] containing 1 % polyvinylpyrrolidone 
(PVP), 1 mM benzamidine-PMSF, IX CLAP (i.e. a protease inhibition cocktail: a 
1000X solution is composed of 10 |ig/mL each of chymostatin, leupeptin, antipain and 
pepstatina) and 1 mM DTT. Cell debris was removed by centrifugation at 10 000 g at 4°C 
for 15 min. The supernatants were cleared using syringes containing cheese cloth, and the 
flow-through then filtered through Stericups (Millipore). The resulting extracts were 
purified using 5 mL HiTrap Heparin HP columns (GE Healthcare) and an AKTA FPLC 
system (GE Healthcare). 
All solutions used with the FPLC were passed through 0.22 (im filters prior to use. 
The column was washed with PB Buffer [50 mM Tris-HCl (pH 7.8), 1 mM EDTA, 50 
mM (NH4)2S04, 10% glycerol and 2.5% of Triton X-100 (vol: vol)] and the extracts then 
loaded on the column. The column was eluted with PB buffer containing 150, 400, 600 
and finally 1500 mM ( N H ^ S C M . Fractions (2 mL) were collected, and those containing 
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proteins were dialyzed against 4 L of Tris-HCl (pH 7.8), 1 mM EDTA, 1 mM DTT, 40 
mM NaCl and 10% glycerol overnight at 4°C. The resulting protein containing fractions 
were analyzed by electrophoresis through 10 % SDS-PAGE (29:1 ratio of acrylamide to 
bisacrylamide) gels and then visualized by Coomassie Blue staining. The protein 
concentrations were determined using the Bradford assay. 
Synthesis of PLMVd transcripts and RNA probes 
The synthesis and purification of both (+) and (-) PLMVd transcripts were performed as 
described previously (BUSSIERE et al., 2000). Briefly, in vitro transcriptions were 
performed using digested recombinant plasmid pPDl, which contains two tandemly 
repeated PLMVd sequences cloned into the Pstl restriction site of pBluescript II KS, as 
template. In this construct the insert is flanked by T3 and T7 promoters for the production 
of (+) and (-) polarity transcripts, respectively. The transcription reactions were 
performed for 3 h at 37°C in a final volume of 100 uL containing 80 mM HEPES-KOH 
(pH 7.5), 24 mM MgCl2, 2 mM spermidine, 40 mM DTT, 5 mM of each NTP, 0.004 
U/uL pyrophosphatase (Roche Diagnostics), 37 U RNA Guard (Amersham Biosciences) 
and 10 ng of purified T7 or T3 RNA polymerase. For random internal labelling, 30 jnCi 
of [a-32P] UTP (3,000 Ci/mmol; New England Nuclear) were added to the transcription 
reactions. During transcription, RNA molecules of both polarities self-cleaved, yielding 
338-nt linear monomeric species. 
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The transcriptions were stopped by the addition of RNase-free RQ1 DNase 
(Promega) and then incubated for 30 min at 37°C. One volume of stop buffer [0.03% 
(wt/vol) each of bromophenol blue and xylene cyanol, 10 mM EDTA (pH 7.5) and 97.5% 
(vol/vol) deionized formamide] was then added and the resulting mixtures denatured for 
2 min at 65°C prior to being fractionated by denaturing (8M urea) 5% polyacrylamide gel 
electrophoresis (PAGE, 19:1 ratio of acrylamide/bisacrylamide) using 45 mM Tris-borate 
(pH 7.5) and 1 mM EDTA as buffer (IX TBE buffer). Nonradioactive transcripts were 
detected by UV shadowing, while radioactive ones were detected by autoradiography. 
The bands corresponding to the 338 nt full-length fragments of both polarities were 
excised, the RNA eluted overnight in 500 mM NH4OAc, 1 mM EDTA and 0.1 % SDS, 
ethanol precipitated, purified on Sephadex G-50 spin columns (Amersham) and 
lyophilized. After dissolving in ultrapure water, the RNA concentrations were determined 
either by absorbance spectrophotometry at 260 nm or by Cerenkov counting, and the 
samples were then stored dry at -20°C. Both the (+) and (-) strand-specific riboprobes 
used for the northwestern hybridizations were synthesized and purified in an analogous 
manner, except that a StripEZ transcription kit (Ambion) was used and the transcription 
reactions were performed in the presence of 50 jaCi of [y-32P]UTP (3,000 Ci/mmol; New 
England Nuclear). The same procedure was used for the synthesis of both the tRNA 
and the CU-based polymer, except that the DNA templates were prepared by PCR filling 
reactions using Pwo DNA polymerase (Roche Diagnostic), an oligonucleotide that 




TACCATATGAGCTACATCCCCTATAGTGAGTCGTATTA3'-3') or CU sequence 
(5'-(AG)27CCCTATAGTGAGTCGTATTA-) and an oligonucleotide corresponding to 
the T7 RNA promoter sequence. For hY3-delta ribozyme the following two 








The SDS-PAGE gels used for the analysis of the protein fractions were always performed 
with duplicate samples being loaded on the gel: one half of the gel was used for the 
Coomassie blue staining and the other for the northwestern hybridization. After transfer 
of the proteins from the non-stained half of the gel onto nitrocellulose membranes, the 
membranes were washed three times at room temperature in 25 mL of Northwestern 
buffer [10 mM Tris-HCl (pH 7.4), 50 mM NaCl, 1 mM EDTA, 400 ng/mL Ficoll 400, 
400 ng/mL PVP, 400 ug/ml BSA and fresh 1 mM DTT] for 20 min at room temperature. 
Then, after a preincubation of 1 h in 25 mL of northwestern buffer which served as a 
renaturation step, yeast tRNA (20 |4,g/mL) and 5 000 cpm of either (+) or (-) PLMVd 
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radioactive RNA probe were added to the buffer solution and the hybridization performed 
at room temperature for 1 h. The membranes were washed three times in northwestern 
buffer for 10 min, and were then revealed by autoradiography. The bands containing the 
proteins interacting with PLMVd were cut out of the stained half of the SDS-PAGE and 
were sequenced by LC-MSMS (WEMB Biochem). The resulting peptide sequences were 
compared with all known plant sequences found in NCBI database. 
Immunoprecipitation and RT-PCR detection of the eEFl A:PLM Vd complex 
Protein extracts were performed as described earlier from healthy and PLMVd infected 
peach leaves. These proteins extracts (1 mL) were mixed with 10 uL of maize eEFIA 
antiserum (kindly provided by Brenda Hunter, University of Arizona) and incubated 1 h 
at 4°C under agitation. Then, 20 uL of resuspended Protein A/G PLUS-Agarose (Santa 
Cruz Biotechnology) were added and the mixtures incubated for another 1 h at 4°C. The 
beads were precipitated by centrifugation at 1 000 g for 5 min and the supernatants were 
discarded by aspiration. The pellets were washed four times with 1 mL of PBS buffer. 
After the last wash, the pellets were resuspended in 100 uL PBS buffer and then Trizol 
extractions (Invitrogen) were performed in order to isolate eEFIA binding RNAs. 
The presence of PLMVd bound to the immuniprecipated eEFIA was detected by 
RT-PCR. Briefly, reverse transcription reactions were carried out using Superscript III 
(Invitrogen) as recommended by the manufacturer. The antisense primer PLM250-275 
(5'-ATCACTTCTGGAGGGGACCGGGTTTG-3') was used for the detection of the (+) 
polarity strands. After the reactions, 10 ug of RNase A were added and the mixtures were 
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incubated for 10 min at 37 °C. Five microliters of the reverse transcription reactions were 
used in subsequent PCR amplification using purified Pfu DNA polymerase as described 
above. For the PCR reactions, the antisense primer PLM250-275 and the sense primers 
PLM63-86 (5'-TAATGACCTCTCAGCCCCTCCACC-3') were used. Forty cycles of 
30 s at 94°C, 30 s at 50°C and 30 s at 72°C were performed and PCR products were 
detected on 1% agarose electrophoresis. 
Cloning of eEFIA from Prunus persica 
Total peach RNA samples were extracted from 200 mg of frozen (-80°C) healthy peach 
leaves (Siberian C cultivar) using TRIzol reagent (Invitrogen) according to the 
manufacturer's instructions. RNA quality was verified by electrophoresis on 1% agarose 
gels, and quantities were determined by spectrophotometry at 260 nm. The resulting 
samples were used for RT-PCR amplifications. Reverse transcription reactions were 
performed using Superscript II enzyme (Invitrogen) for 2 h in the presence of oligo(dT) 
antisense primer (Smart-3 : 5'-CATGGAATTCGGATCC(T)30VN-3', where V indicates 
A, C or G, and N indicates A, C, G or T). According to the eEFIA gene sequences from 
Arabidopsis thaliana (GenBank accession nos. AAK82537, AAL31193, CAA34455 and 
AAL86336), Oryza sativa (GenBank accession no. Q64937) and Solarium lycopersicum 
(GenBank accession no. CAA37212) a degenerate sense primer (1-EFlalpha: 5'-
ATGGGTAANGAGAAGWNNCACATNANCATTGTGG-3', where W indicates A or T 
and N indicates A, C, G, or T) was designed for eEFIA Prunus persica cDNA 
amplification. PCR amplifications of the cDNAs were performed in a final volume of 50 
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uL containing 2 uM of each DNA primer, 1 mM MgS04 , 0.2 mM of each dNTP, 10 mM 
Tris-HCl (pH 8.8), 25 mM KC1, 5 mM (NH4)2S04 and 1 u.g of purified Pfu polymerase. 
The mixture was subjected to 30 amplification cycles (1 min at 94°C, 1 min at 54°C and 
1 min 30 s at 72°C) followed by a final extension of 5 min at 72°C using an Eppendorf 
Mastercycler Gradient (Eppendorf). 
In order to obtain the 5' portion of the mRNA, a 5' RACE strategy was performed 
using the Rapid Amplification of cDNA Ends kit (Invitrogen). The antisense 
oligonucleotides used were EFla-RACE2 (5'-
CATCTGCTTGACACCAAGAGTAAACGCAAGC-3') and EFla-RACE3 (5'-
GCATGCTCACGGGTCTGACCATCCTTGGAAATACCAGC-3') which were used in 
a strategy of nested PCR amplification. The complete eEFIA sequence from Primus 
persica was submitted to the NCBI database (accession no.: FJ267653). The sequence 
obtained was then used to design oligonucleotides (sense EFla-Afafe I, 5'-
CATATGGGCAAAGAAAAGTTTCACATC-3' and antisense EFla-J^o I, 5'-
CTCGAGCTTCTTCTTTGCTGCAGCCTTGG-3') specific for the production of a full 
length cDNA that was cloned into the pET21b vector (Novagen). 
Expression and purification of eEFIA 
The eEFIA C-Terminal his(6)-tag fusion) insert was expressed in E. coli BL21(DE3). 
Cells were grown in 1 L of LB medium containing 100 ug/mL ampicillin at 37°C to an 
ODgoonm of 0.5. The cultures were chilled on ice for 30 min and expression induced by 
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adding ethanol and IPTG to final concentrations of 2% and 0.4 mM, respectively, and 
then incubating at 18°C for 20 h. The cells were harvested by centrifugation at 5 000 g for 
10 min, and the resulting cell pellets frozen at -80°C for 10 min and then placed on ice for 
10 min. The last two steps were repeated three times, and the bacteria then were 
resuspended in 50 mL buffer A [50 mM Tris-HCl (pH 7.5), 150 mM NaCl and 10% 
sucrose]. After the addition of lysozyme (50 ug/mL,) and Triton-X (0.1%) to the bacteria, 
the cells were lysed by sonication. The resulting lysates were clarified by centrifugation 
for 45 min at 10 000 g at 4°C. 
The supernatants were then passed over a 5 mL Ni-NTA affinity column 
(Qiagen), and the column washed with buffer A containing 0.1 % Triton-X and 5 mM 
imidazole. The elutions were performed with buffer B [50 mM Tris-HCl (pH 8.0), 100 
mM NaCl and 10% glycerol] containing increasing concentrations of imidazole (50, 100, 
200, 500 and 1000 mM). Protein containing fractions were pooled and dialysed against 
50 mM Tris-HCl pH 7.5, 50 mM NaCl, 2 mM DTT and 10% glycerol overnight at 4°C. 
The resulting protein samples were loaded on a 1 mL Heparine Sepharose 6 Fast Flow 
column (Amersham Biosciences) and the column washed with buffer HS [50 mM Tris-
HCl (pH 7.8) and 10% glycerol] containing 50 mM (NH4)2S04. The column was then 
eluted with HS buffer containing 150, 400, 600 or 1500 mM (NH4)2S04. The resulting 
fractions were dialysed as described previously, and the resulting proteins concentrated 
using Amicon Ultra-4 5K filters (Millipore). Protein concentrations were determined by 
Bradford assay, and the purity was evaluated by 10 % SDS-PAGE electrophoresis 
followed by Coomassie blue staining. 
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In order to confirm the presence of eEFIA, Western blots were performed. 
Briefly, protein aliquots were fractionated on 10 % SDS-PAGE gels and then transferred 
to nitrocellulose membranes. The membranes were blocked with IX PBS [137 mM NaCl, 
2,7 mM KC1, 10 mM Na2HP04 and 2 mM KH2P04] containing 5% dried milk overnight 
at 4°C. The blocked membranes were incubated with the primary antibody, mouse Tetra 
His (Qiagen), diluted 1:1500 in 4 mL of IX PBS containing 1% dried milk for 2 h at 
25°C. The membranes were then washed three times in IX PBS before adding the rabbit 
anti-mouse HRP-conjugated secondary antibody (Promega) diluted 1/10000 in IX PBS 
containing 1% dried milk and incubated for 1 h at 25°C. Finally, the proteins were 
detected using the ECL detection kit according to the manufacturer's protocol (Perkin 
Elmer). 
Electrophoretic mobility shift assays (EMSA) 
The binding of the eEFIA protein from Prunus persica to the PLMVd RNAs of both 
polarities was characterized by EMSA. Initially, the labelled PLMVd RNAs were heated 
at 65-70 °C and then rapidly put on ice in order to ensure proper folding. This condition 
gives a secondary structure identical to the one obtain previously by our laboratory 
(BUSSIERE et al, 2000). PLMVd RNA (5 nM; 500 cpm) and yeast tRNA (0.1 ug: 50 
nM) were incubated together in binding buffer [10 mM Tris-HCl (pH 7.5), 5 mM 
magnesium acetate, 100 mM NH4C1 and 0.5 mM DTT] for 5 min at 4°C. Increasing 
amounts of either eEFIA protein (100 to 1000 nM) or control protein (2000 nM of BSA) 
were then added and the mixtures incubated for 15 min at 4 °C. After the incubation, 5 uL 
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of loading buffer (IX TBE, 50 % glycerol, 0.1 % bromophenol blue, 0.1 % xylene 
cyanol) were added prior to electrophoresis through 5% native polyacrylamide gels (29:1 
acrylamide:bisacrylamide ratio) in IX TBE buffer overnight at 4°C. The gels were 
exposed to phosphor screens, and were then revealed using a Storm scanner (Molecular 
Dynamics). Analyses were performed using both Image Quant and Prism software. 
GDP binding assays 
To make radioactive GDP, 150 u€i of [cc-32P] GTP (3,000 Ci/mmol; New England 
Nuclear) and 10 uM of non-radio labelled GTP were added to the purified Saccharomyces 
cerevisiae RNA triphosphatase (Cetl), which possess an ATPase activity, in a buffer 
containing 10 mM Tris-HCl (pH 7.5) and 10 mM NaCl. After an incubation of 30 min at 
30°C, the proteins were removed by phenol-chloroform extractions. For the binding 
assays, 5 uL (-500 000 cpm) of the radio labelled GDP and various concentrations (10 
uM to 1 mM) of non-radioactive GDP were added to 30 uL of purified eEFIA protein 
(75 nM) in the EMSA buffer (see above). Also, 50 jag (70 nM) of BSA proteins were 
added to favour the precipitation in 20% TCA. The volume was completed to 100 u.L and 
incubated on ice for 30 min. Then the proteins were precipitated by centrifugation at 1300 
rpm for 15 min. Supernatants were discarded, the pellets were washed with 100 u.L of 
20% TCA and then spun for 2 min. Finally, the supernatants were removed and the 
radioactivity was determined by scintillation counter. 
146 
Fluorescence spectroscopy 
Real-time RNA binding experiments were performed by fluorescence spectroscopy using 
an F-2500 fluorescence spectrophotometer (Hitachi). RNA solutions (25 uT samples of 
10 uM solutions) were injected at predetermined times into 80 uL of 0.8 uM eEFIA 
protein solution in binding buffer containing 50 mM Tris-HCl (pH 7.5), 10 mM NaCl and 
5 mM MgCk. The samples were excited at 290 nm and the fluorescence monitored as a 
function of time at 329 nm. The slope of each spectrum was calculated in order to 
determine the relative association rate ( u M ' V ) . 
5'- and 3'-end labeling 
Purified 338 nt PLMVd RNA, opened at position 1 for strands of both (+) and (-) 
polarity, was labelled according to previously reported procedures (BUSSIERE et ah, 
2000). The RNA contained two point mutations (U9->A and A330-»U, in the (+) 
polarity strand) that prevent hammerhead self-cleavage from taking place and result in 
the synthesis of full-length PLMVd RNA strands. Transcripts (25 pmol) were 
dephosphorylated in a final volume of 10 p.L using 10 U of Antarctic phosphatase 
according to the manufacturer's recommended protocol (New England Biolabs). The 
reactions were terminated by heating for 8 min at 65°C. Subsequently, dephosphorylated 
RNAs (5 pmol) were 5'-end labelled in presence of 3.2 pmol [y-32P]-ATP (6000 Ci/mmol, 
New England Nuclear) and 3 U of T4 polynucleotide kinase according to the 
manufacturer's recommended protocol (USB). The reactions were performed at 37°C for 
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60 min. For 3'-end labelling, purified 338 nt PLMVd transcripts (20 pmol) were 
incubated with 10% DMSO, 40 u€i of [a-32P]cytidine 5'-monophosphate, 3 '-
monophosphate (3,000 mCi/mmol; New England Nuclear) and 40 U of purified T4 RNA 
ligase in a final volume oflO uL containing 50 mM Tris-HCl (pH 7,8), 10 mM MgCb, 1 
mM ATP and 10 mM DTT. After 60 min of incubation at 37°C, the reactions were 
terminated by the addition of 1 volume formamide dye buffer and the mixtures 
fractionated through denaturing 5% PAGE gels. After autoradiography, the bands 
containing the appropriate 5'- and 3'-end-labelled RNAs were excised and the RNA 
recovered as described above. 
Enzymatic probing of PLMVd strands 
For enzymatic probing, trace amounts of snap-cooled 5'- or 3'-end-labelled 338 nt 
PLMVd (<1 nM) were dissolved in 3 uL of water and 0.1 ug/uL yeast tRNA added to a 
final concentration of 0.1 ug/uL. The resulting RNA mixtures were added to buffer 
containing 10 mM Tris-HCl (pH 7.5), 0.5 mM DTT and 100 mM NH4C1 in either the 
presence or absence of 0.5 uM eEFlA. Uniquely in the case of the reaction performed in 
the presence of RNase VI, the buffer also contained 5 mM MgCb. The mixtures were 
incubated for 1 min at 25°C in the presence of either 0.2 U of RNase Tl (Roche), 0.1 U of 
RNase PhyM (IRL), 1 pg/uL RNAse A (USB) or of 0.045 U of RNase VI (Pierce 
Molecular Biology) and were then quenched by the addition of 40 uL of 40 mM EDTA. 
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In order to prepare a guanosine ladder, the RNA was also incubated in the 
presence of RNase Tl at 65°C for 10 min. For alkaline hydrolysis, the PLMVd RNA(<1 
nM) were dissolved in a mixture of 9 )j.L of water and 1 uL of 2 N NaOH, and were then 
incubated at room temperature for 1 min. In that case, the reactions were quenched by the 
addition of 10 uL of 1 M Tris-HCl (pH 7.5). In all cases, the resulting mixtures were 
purified by phenol/chloroform extraction and ethanol precipitation in the presence of 
glycogen, and were then dissolved in loading buffer (10 uL of 50% formamide and 10 
mM EDTA solution), fractionated on denaturating 8% PAGE gels and visualized by 
exposure of the gels to phosphor imaging screens. 
Results 
Isolation of PLMVd-binding proteins 
In order to isolate host proteins that have the ability to bind PLMVd transcripts we 
decided to use total peach leaf extracts, primarily because this approach permits the 
identification of proteins important in all steps of the viroid life cycle. An alternative 
would have been the use of a chloroplast preparation as this is the organelle in which 
PLMVd is proposed to replicate; however, this would restrict the number of putative 
proteins that might be identified. Protein extracts were therefore prepared from freshly 
harvested healthy peach leaves. The resulting extracts were purified by FPLC using a 
heparine sepharose column in order to enrich the extract in nucleic acid binding proteins. 
The column was successively eluted with 150, 400, 600 and 1 500 mM ammonium 
sulfate solution. Most proteins eluted at the 150 and 400 mM ammonium sulfate 
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concentrations. The most abundant protein in the total extract possessed an 
electrophoretic mobility equivalent to that of a 50 kDa protein, a molecular weight that 
corresponds to a chloroplast-encoded large subunit of rubisco, a protein that does not 
bind to the column (Fig. 19A). 
In order to identify proteins with the potential to bind PLMVd RNA species, 
northwestern hybridizations were performed. Briefly, protein fractions were separated by 
PAGE electrophoresis and then transferred onto nitrocellulose membranes for further 
hybridization using radiolabeled unit-length for PLMVd transcripts of either (+) or (-) 
polarity. A typical autoradiogram using the probe of each polarity is illustrated in figure 
19 (panels B and C). Significantly, irrespective of the polarity of the probe used, virtually 
identical autoradiograms were obtained, albeit with different band intensities. This might 
be interpreted as an indication that PLMVd strands of both polarities are folded into 
similar global secondary structures, thereby resulting in equivalent interactions with the 
host proteins. In the total extract, a single protein with a migration corresponding to that 
of an -30 kDa protein was consistently detected (Fig. 19B and IOC, numbered #1). The 
same band was detected in the 150 mM ammonium sulfate column fraction, although in a 
reduced amount (the most abundant band detected corresponded to an -45 kDa protein 
and was numbered #2). These two proteins were the only ones consistently detected in the 
150 mM ammonium sulfate fraction. In the 400 mM ammonium sulfate fraction three 
proteins ranging from 50 to 70 kDa, were consistently detected (numbered #3, #4 and #5, 
respectively, with the most abundant being protein #3). Finally, a single band 
corresponding to an -35 kDa protein was detected in the 600 mM ammonium sulfate 
fraction (numbered #6). 
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Figure 19 Detection of Prunus persica proteins interacting with PLMVd by 
northwestern blot analysis. 
(A) Coomassie blue staining of the 10% PAGE gel. (B) and (C) Proteins were 
transferred onto nitrocellulose membranes which were then probed using the (-) and (+) 
PLMVd strands, respectively. Total protein extract from peach tree leaves (lanes 1) and 
purified protein fractions obtained after fractionation on a heparin-sepharose column and 
subsequent elution with 150 mM (lanes 2), 400 mM (lanes 3) and 600 mM (lanes 4) 
ammonium sulphate. In panel (A), lane L is a molecular weight marker. The numbering 
of the bands corresponds to that used in table 5. 
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Northwestern hybridizations were also performed using other probes 
corresponding to either the PSTVd RNA species, as a model viroid of the Popspiviroidae, 
or to a model hepatitis delta virus ribozyme as an unrelated but highly structured RNA 
species. In the latter case, no RNA-protein complex was detected using a peach leaf 
protein extract. Conversely, the PSTVd RNA probe led to the detection of two bands in 
the peach leaf extract, specifically bands #2 and #3, suggesting that the corresponding 
proteins have the ability to bind both viroid species. Finally, northwestern hybridizations 
using the PLMVd probe of (+) polarity and protein extracts isolated from both tomato 
and tobacco were also performed (data not shown). In both cases, bands #2 and #3 were 
observed, but never bands # 1 , #4, #5 or #6. 
Identification of peach proteins with the potential to bind PLMVd 
The six bands on the Coomassie blue stained gels located at the positions corresponding 
to the six proteins identified in the PLMVd northwestern blots were excised and used for 
identification of the derived peptides by LC-MSMS analysis. Because the genome of 
Prunus persica has only been partially sequenced, the NCBI database containing all 
known plant sequences was used for the identification of the various proteins. Up to eight 
different peptides homologous to a unique plant protein were retrieved for each protein 
band (see Table 5). The percent coverage between a peptide and a given protein species 
ranged from 1.6% to 15%. 
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Tableau 5 LC-MSMS results 
Band FPLC Molecular Weight 
numbering fraction (kDa) 
1 Total extract 30 
2 HS 150 mM 45 
3 HS 400 mM 50 
4 HS 400 mM 60 
5 HS 400 mM 67 
6 HS 600 mM 35 
a
 Represents the percentage of total amino 
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Band # 1 , which was only detected in the total extract, led to the detection of only 
one peptide representing 3% coverage of P-l,3-glucanase, a hydro lytic 30 kDa (as 
determined by the autoradiogram) enzyme responsible for P-l,3-glucan degradation 
(THIMMAPURAM et al, 2001). The tomato homologue of this enzyme has been 
shown to be overexpressed upon citrus exocortis viroid infection, and in another study, 
the tobacco homologue was shown to be able to increase the susceptibility to a viral 
pathogen (BEFFA et al, 1996, DOMINGO et al, 1994). Confidence in the accurate 
identification of the protein responsible for band 2 was significantly higher as four 
peptides, covering 11.5% of the enzyme aminomethyltransferase (Table 5), were 
detected. This 45 kDa protein is a component of the glycine cleavage system which 
oxidatively decarboxylates glycine (WALKER et OLIVER 1986). The detection of this 
protein might be considered suspicious as it has no known RNA binding domain; 
however, the y-aminobutyrate-aminotransferase from tomato was reported to non-
specifically bind PSTVd (MARTINEZ DE ALBA 2000). Six peptides with sequence 
homologous to the eukaryotic elongation factor 1-alpha (eEFIA), together covering 11.8 
% of the open reading frame and encoding a protein of 50 kDa, were detected for the 
protein corresponding to band #3. The primary function of eEFIA is as a GTP-dependent 
carrier of aminoacylated tRNAs to the A site of the ribosome during the translation. The 
eEFIA protein is also known to bind a variety of different nucleic acids, including short 
double-stranded RNA molecules (SLOBIN 1983). The protein corresponding to band #4 
led to the identification of eight sequenced peptides homologous to a chaperone (15% 
coverage). That corresponding to band #5 led to the identification of only one peptide 
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corresponding to 1.6% of a dynamin-like GTP-binding protein. This low homology could 
be explained by the fact that this protein family is not highly conserved among different 
species. The dynamin family cluster are proteins implicated in membrane division, 
vesicle formation, cytokinesis and endocytosis (DANINO et HINSHAW 2001). 
Finally, the protein corresponding to band #6 provided 2 peptides corresponding to 7.6% 
of the L5 ribosomal protein, which is a component of the large subunit of the ribosome 
known to bind 5S RNA (PEREDERINA et al, 2002). 
Immunoprecipitation of the eEFlA:PLMVd complex 
We decided to further characterize the interaction between eEFIA and PLMVd as this 
protein possesses an RNA binding motif, and because a relatively good peptide coverage 
of the protein was obtained (>10%). With the goal to provide additional physical support 
of the eEFlA:PLMVd complex in vivo, protein extracts were prepared from PLMVd-
infected peach leaves and then the eEFIA immunoprecipitated using an maize polyclonal 
antiserum. The latter was shown efficient for peach eEFIA protein detection by western 
blot, as well as for immunoprecipitation of the peach eEFIA alone (data not shown). The 
RNA within the pellets was retrieved by Trizol extraction and the PLMVd RNA strands 
of (+) polarity were detected after RT-PCR amplification. No PLMVd was detected in the 
extract of the healthy leaves (Fig. 20, lane 3). Similarly, no PCR product was observed 
from the extract of the infected leaves if the eEFIA antiserum was omitted during the 
immunoprecipitation step (Fig 20, lane 4). Conversely, two bands of DNA were detected 
when the eEFIA antiserum was incubated in the presence of the extract from the infected 
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Figure 20 Detection of the PLMVd immunoprecipitated with the eEFIA 
The eEFIA proteins were immunoprecipitated from healthy and infected peach leaf 
extracts, the RNA extracted and then PLMVd amplified by RT-PCR and analyzed on 1% 
agarose electrophoresis. Lane 1 is a control RT-PCR amplification performed without 
nucleic acid (only water). Lane 2 is a RT-PCR amplification performed using the healthy 
leaves but without immunoprecipitation. Lane 4 is a RT-PCR amplification performed 
after immunoprecipitation in the absence of eEFIA antiserum using the PLMVd-infected 
leaves, respectively. Lanes 3 and 5 are the RT-PCR amplifications performed after 
immunoprecipitation in the presence of eEFIA antiserum using the healhty and PLMVd-
leaves, respectively. Lanes 6 and V are ftlf-PCfi amplifications performed i:srng Ri\A 
extract from PLMVd-infected leaves and PLMVd synthesized by run-off transcription, 
respectively. Adjacent to the gelis a DNA molecular weight marker in bp. 
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leaves (Fig. 20, lane 5). The upper band had the same electrophoretic position as the PCR 
products from RT-PCR amplifications using either an RNA extract from infected leaves 
or PLMVd strands prepared by run-off transcription (Fig. 20, lanes 6 and 7). 
Subsequently, a southern blot hybridization was performed to confirm the PLMVd 
identity of this PCR product (data not shown). In the later experiment, no hybridization of 
the smaller band can be detected, indicating that this was a non-specific PCR product, 
which might have occurred since the amount of immunoprecipitated PLMVd was very 
small. These results confirm that at least a portion of PLMVd retrieved within the 
infected leaves was bound to the immunoprecipitated eEFlA. More important, this 
experiment added physical support for the presence of the eEFlA:PLMVd complex in 
vivo. 
Cloning, expression and purification of eEFlA 
In order to permit further characterization, the peach eEFl A was initially cloned. The 
eEFl A cDNA from Prunus persica was amplified by RT-PCR (see Materials and 
Methods)-The resulting eEFl A Prunus persica sequence (NCBI accession no: 
FJ267653) corresponds to an mRNA of 1771 nucleotides that includes 5'- and 3 '-
untranslated regions of 88 and 339 nucleotides, respectively. The open reading frame 
region is 1344 nucleotides long and encodes a 447 amino acid protein that is 96.8% 
homologous to the Arabidopsis thaliana gene, 97.5% to the Oryza saliva gene and 95.7% 
to that from Zea mays (see Fig. 21). The differences lie along the length of the sequence 
and are not clustered in any one region. Moreover, there are two amino acids less at the 
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carboxyl terminal end of the coding sequence of the Prunus persica eEFIA as compared 
that from Arabidopsis. 
The Prunus persica eEFIA gene was subcloned into an expression vector in order 
to permit the subsequent production of a his(6)-tagged recombinant protein in E. coli. 
After expression, this protein was purified using a nickel column followed by a second, 
heparin column (see Fig. 22A). The presence of the eEFlA-his-tagged protein was 
confirmed by Western blot hybridization using an his-tag antibody (Fig 22B). The final 
protein's purity was estimated to be near 96 %, and circular dichroism analysis showed 
that the protein was folded (data not shown). Finally, the structural integrity of the 
recombinant eEFIA protein was verified by determining its capacity to bind radioactive 
GDP. Since the elongation factor possesses a GTP binding site that involves amino acids 
from several distinct regions of the protein (DREHER et al, 1999), this is an accurate 
means of verifying that it is correctly folded. The experiment was performed using a 
constant concentration of eEFIA and increasingly concentrated mixtures of radioactive 
[a-32P] GDP and non-radioactive GDP, and resulted in a binding curve that was fitted by 
a single binding site equation with a dissociation constant (Ka) of 25 uM (data not 
shown). This result indicates that a large proportion, if not all, of the enzyme adopts a 
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Figure 21 eEFIA amino acid sequences. 
Alignment of the eEFIA amino acid sequences from Prunus persica (accession no 
FJ267653), Arabidopsis thaliana (accession no CAA34455), Zea Mays (accession no 
AAF42978) and Oriza sativa (accession no BAA23657). The amino acid sequence of the 
Prunus persica eEFIA was determined using the software Expasy Translated Tool, while 
the sequence alignments were performed using the AliBee-Multiple Alignment software. 
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Figure 22 Expression and characterization of recombinant Prunus persica eEFlA. 
(A) Coomassie blue staining of an SDS-PAGE gel of the his(6)-tagged eEFIA 
purification fractions. Lanes 1 and 2, elutions from the Ni-NTA column using 200 mM 
and 500 mM imidazole, respectively. Lanes 3 and 4 are the flow-through and wash 
fractions of the proteins from the heparin column purifications of the samples in lanes 1 
and 2, and lanes 5 to 8 are the fractions collected upon the elutions performed in the 
presence of 150 mM, 400 mM, 600 mM and 1500 mM ammonium sulfate, respectively. 
The lane labelled L is a molecular size marker. The arrow indicates the position of the 
recombinant eEFIA. (B) Western blot hybridization performed using an anti-his(6) 
antibody on an SDS-PAGE gel similar to that presented in (A). (C) and (D) 
Autoradiograms of the northwestern hybridizations performed using the fractions 
corresponding to the elutions performed in the presence of 400 mM and 600 mM 
ammonium sulfate (lanes 1 and 2, respectively) using the (-) and (+) PLMVd strands as 
probes, respectively. 
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eEFIA interacts with PLMVd 
In order to confirm the proposed interaction between Prunus persica eEFIA and PLMVd, 
northwestern hybridizations were performed using the purified recombinant protein and 
PLMVd RNA strands of either (+) or (-) polarity as probes. A unique, sharp band 
corresponding to a 50 kDa protein, expected size of eEFIA, was obtained with the probes 
of both polarities (Fig. 22C and D). 
Physical evidence for the interaction between eEFIA and PLMVd was obtained 
by electrophoretic mobility shift assays (EMSA). These experiments were always 
performed in the presence of excess of yeast tRNA in order to eliminate any non-specific 
interactions. Radiolabeled PLMVd transcripts were incubated in the presence of 
increasing concentrations of recombinant elongation factor, and were then fractionated on 
native PAGE gels. PLMVd (+) strands were shifted by the presence of eEFIA (Fig. 
23A). Similar results were obtained for the PLMVd strand of (-) polarity (data not 
shown). In the presence of large amounts of eEFIA, more than one RNA-protein 
complex was detected. It is most likely that, under these conditions, either the elongation 
factor binds to several sites on PLMVd, or eEFIA forms a dimer. The fraction of shifted 
PLMVd RNA was determined, and is illustrated as a function of the concentration of 
eEFIA in figure 23B. eEFIA has an apparent dissociation constant (IQ) of 386 nM +/- 49 
nM for the PLMVd (+) polarity strand, and 210 nM +/- 31 nM for the (-) polarity strand 
(Table 6). This is a stronger binding than those observed for either tRNAAla and an RNA 
species composed of 27 consecutive CU dinucleotide repeats that were used as controls 
(see Table 6). These two controls were performed in order to compare the binding of the 
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Figure 23 Electrophoretic mobility shift assays and fluorescence analysis of the 
PLMVd:eEFlA interaction. 
(A) Autoradiogram of the native polyacrylamide gel performed using the PLMVd strand 
of (-) polarity and increasing concentrations of eEFlA. (B) Graphic representation of the 
percentage of shifted complexes as a function of the eEFIA concentration. Closed circles 
indicate the PLMVd strand of (+) polarity, while open circles indicate the PLMVd strand 
of (-) polarity. (C) Fluorescence of eEFIA as a function of time. The arrow indicates the 
point of the injection of the PLMVd (-) RNA. The calculated slope corresponds to the 
association rate (ka) of the protein's binding to the RNA. 
C 
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PLMVd to the eEFl A recombinant protein with the binding of the elongation factor with 
a structured (tRNAAla) and a non-structured (CU-based polymer) RNA species, 
respectively. The binding of PLMVd to eEFl A was virtually identical when the 
experiment was repeated in the presence of different concentrations of GTP (data not 
shown). According to this experiment, the binding of eEFIA is not GTP-dependent. 
However, this does not completely exclude the possibility that eEFIA has been purified 
with bound GTP and only the eEFl A:GTP complexes bound PLMVd. 
In order to provide further physical support for the EMSA data, the binding 
experiments were followed by fluorescence spectroscopy. The eEFIA protein includes 
three tryptophan residues that fluoresce following excitation at 290 nm. If the binding of 
the RNA species to eEFIA modifies the fluorescence signal, then it is possible to 
estimate its association rate. A typical example is illustrated for the binding of PLMVd 
strands of (-) polarity in figure 23C. In these experiments the binding of the PLMVd 
strands of both polarities to eEFIA resulted in faster association constants (ka) than were 
observed for both the tRNAAla and the CU-based polymer (Table 6). Thus, this may 
contribute to explain why PLMVd would be preferentially binded by eEFIA compared to 
other RNA species. 
Finally, additional support for the eEFlA:PLMVd interaction was provided by 
enzymatic mapping of the RNA component. PLMVd strands were prepared using a 
mutated version of the hammerhead sequence that prevents self-cleavage from occurring, 
without affecting its secondary structure, thereby resulting in the synthesis of full-length 
transcripts (338 nt) starting from position 1. The 5'- or the 3'-ends, which are located in 
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Tableau 6 Dissociation constants (Kd) and association rates (ka) for the interaction 
of eEFIA with various RNAs 
EMS A Fluorescence spectroscopy 
RNA species K^ ka 
nM uM''s' ' 
420 ± 29 











n.d. not determined 
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the left-hand terminal loop (loop LI 1, see Fig. 24), were P-labelled and then probed 
either in the presence or absence of an excess of eEFlA. Yeast tRNA was added to the 
trace amounts of PLMVd as a competitor in order to avoid any non-specific binding. 
Three ribonucleases (RNases that preferentially hydrolyze the 3 ' phosphodiester bond of 
specific ribonucleotides located in single-stranded regions; RNase A, which cleaves after 
both single-stranded C and U; Phy M, which cleaves after single-stranded A and U; and, 
Tl , which cleaves after single-stranded G) and RNase VI, which cleaves the 
phosphodiester bonds of nucleotides located in double-stranded regions irrespectively of 
their identity, were used. A typical example of the autoradiogram of a sequencing gel 
probing 5'-end labelled PLMVd (+) transcripts is illustrated in figure 24A. Several 
regions showing different banding patterns, when examined either in the absence or the 
presence of eEFIA, are observable. For example, both RNase A and RNase Phy M 
readily hydrolyzed the U53, U54, U56, U63 and U66 residues of the PI stem-loop region 
of (+) polarity in the absence of the eEFIA, but only did so at a reduced level in its 
presence (Fig. 24A, compare lanes 3 and 4, and lanes 5 and 6, respectively). With RNase 
Tl the neighboring G58 and G60 were hydrolyzed to a greater extent in the presence of 
eEFIA than in its absence (Fig. 24A, compare lanes 7 and 8, respectively). Finally, the 
banding pattern obtained with RNase VI in the right-hand P l l stem (positions A48 and 
G49) is less cleaved in the presence of eEFIA, suggesting that this domain became 
single-stranded in most of the PLMVd molecules (lanes 9 and 10). 
Several experiments performed with either the 5' or 3'-end labelled PLMVd 
transcripts and various migration times were required in order to obtain a complete 
compilation of the differences in RNase mapping caused by eEFIA binding. Importantly, 
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the data obtained in the absence of eEFIA was in good agreement with the previously 
reported extensive mapping of the PLMVd (+) polarity strand that was used to determine 
its secondary structure (BUSSIERE et ah, 2000). The binding of eEFIA resulted in 
several mapping differences that can be classified into two types. First, there were 
nucleotides located in single-stranded regions that became partially resistant to RNase 
hydrolysis, suggesting that either they were protected by the elongation factor within the 
RNA:protein complex, or were involved in a modified structure that resulted from the 
binding of eEFIA (e.g. along the PI stem). Secondly, there were nucleotides located in 
double-stranded regions that were hydro lyzed solely in the presence of eEFIA (except for 
RNase VI), an observation which can only result from a modification of the secondary 
structure, specifically going from being double- to single-stranded (e.g. P l l stem). These 
two types of modifications are not necessarily independent. For example, it is possible 
that the binding of eEFIA occurred with the PI stem region and resulted in the unfolding 
of the P l l stem while concurrently the P3 stem became more susceptible to RNase VI 
hydrolysis. In the case of the (-) strand, all of the observed RNase probing modifications 
occurred in the region of the junction between P10 and P l l , that is to say adjacent to the 
self-cleavage site. Since the secondary structure of that strand has not yet been reported, 
interpretation is more ambiguous. Importantly for the probing of the (+) strand, the 
observed differences are concentrated into two distinct regions (P11-P1-P2-P3 and P7-
P8), in agreement with the possibility that more than one eEFIA protein can bind to a 
molecule of PLMVd suggested by the EMS A experiments. 
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Figure 24 Enzymatic probing of PLMVd with ribonucleases in either the presence 
or the absence of eEFlA. 
(A) Typical autoradiogram of an 8% PAGE gel used for the analysis of probing 
performed with a 5'-end labelled PLMVd strand of (+) polarity. Lanes 1 and 12 are 
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identical ladder obtained by alkaline hydrolysis of PLMVd strands. Lane 2 is non-
hydrolyzed RNA sample. The remaining lanes contained RNA samples that were 
hydrolyzed by RNase A (lanes 3 and 4), RNase PhyM (5 and 6), RNase Tl (7 and 8) and 
RNase VI (lanes 9 and 10) either in the absence (lanes 3, 5, 7 and 9) or the presence 
(lanes 4, 6, 8 and 10) of eEFlA. Lane 11 contains PLMVd strands hydrolyzed by RNase 
Tl at 65°C in order to provide a guanosine ladder. (B) Compilation of the mapping 
differences resulting from the addition of eEFIA on the model secondary structure of the 
PLMVd (+) strand. Opened and closed symbols indicate a decrease and increase in the 
susceptibility to a given RNase, respectively. The legend in the figure shows the symbols 
used to indicate cleavage by the various RNases: RNAse A (A), PhyM (p), Ti (O) and Vi 
(0). The two mutated nucleotides preventing self-cleavage are circled on the left-hand 
extremity of the PI 1 stem. The black and white boxes indicate the conserved nucleotides 
for both (+) and (-) hammerhead sequences respectively. 
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Discussion 
Today, there is no known approach that would identify all proteins interacting with an 
RNA species such as a viroid that requires many different host partners in order to ensure 
its complete life cycle. The combination of partial FPLC purification of peach extracts, 
northwestern hybridizations and mass spectrometry described here identified six putative 
interacting proteins in a single experiment (i.e. a single set of conditions), whereas all 
other approaches previously reported yielded only one (e.g. RNA ligand screening and in 
vivo crosslinking) (DAROS et FLORES 2002, MARTINEZ DE ALBA et al, 2003). 
However, there are at least two obvious limits to this strategy. The first is the fact that the 
use of a northwestern blot implies performing denaturing polyacrylamide gel 
electrophoresis. Some proteins may remain in inactive conformations, and therefore, 
cannot be identified by this technique. The second limit is associated with the observation 
that neither a plastid polymerase nor a component of the RNA silencing machinery was 
isolated in our experiments. However, one possible explanation for that observation is 
that the strength of the interaction between the viroid and the protein was too weak to 
resist all of the washing steps. Moreover, some proteins may interact with the viroid only 
when complexed with other protein(s), or only in the presence of required cofactors, 
species which were not preserved during the preparation and purification procedure In 
other words, there are several factors that can influence the recruitment of a given protein 
by the viroid and its subsequently identification by this method. 
Since the localization of some proteins remains unknown, e.g. the putative 
chaperone, we cannot conclude that no chloroplast proteins were identified. Moreover, 
even if the majority of proteins are retrieved in the cytoplasm, we cannot argue that these 
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interactions are not specific since there is a cytoplasm phase in the life cycle of PLMVd. 
The observation that all six of the proteins identified here interact with PLMVd strands of 
both polarities was not surprising since it is believed that they fold into near-identical 
structures and share many features (BUSSIERE et al., 1999). 
Based on the fact that the LC-MSMS experiment identified peptides covering over 
10% of a putative candidate, and that this candidate possessed an RNA binding motif, it 
was considered that this protein, the elongation factor eEFIA, was a suitable candidate 
protein for further significant characterization. Moreover, eEFIA is a very abundant 
protein, representing 1-5 % of the total soluble protein in the cell (BROWNING et al, 
1990). In fact, it is so abundant that it is not unreasonable to suggest that the detection of 
the PLMVd: eEFIA complex might simply be the result of a non-specific interaction. It is 
clear that physical support for the existence of this interaction provided by the further 
characterization reported here increases the likelihood that five other proteins proposed to 
interact with PLMVd all represent valid, specific interactions between the protein in 
question and PLMVd. The eEFIA cDNA from Prunus persica was cloned, and its 
sequence did not show any significant differences when compared to elongation factor 
1A from other plants. The recombinant eEFIA was expressed in E. coli and then highly 
purified. Several analyses of the purified recombinant protein suggest that it folds into a 
proper tertiary structure and specifically binds to PLMVd strands of both polarities in 
vitro. Experiments of immunoprecipitation of the eEFlA:PLMVd complex from crude 
extracts of peach leaves using eEFIA antibodies, coupled with a RT-PCR detection of the 
PLMVd, led to detection of small amounts of PLMVd in the precipitated fraction. 
However, there are several limitations to this approach, including the fact that the 
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elongation factor is very abundant and only a small fraction of it is probably interacting 
with the viroid, thereby suggesting that this part of the data must be considered with 
caution. Moreover, several factors, including the quality of the leaves, the time of harvest, 
and the amount of PLMVd (i.e. level of replication), to name only these examples, 
influenced the reproducibility of this experiment (i.e. whether PLMVd was detected after 
the immunoprecipitation of eEFIA protein). Alternatively, we tried introducing an 
aptamer at various sites within the PLMVd species in order to retrieve the 
eEFlA:PLMVd complex. However, such chimerical molecules cannot be detected even 
one year after the inoculation suggesting that they did not replicate in peach leaves 
(unpublished data; A Dube, O Parisi, H. Jijakli and JP Perreault). Importantly the 
detection of PLMVd with the immunoprecipitation of eEFIA supports the idea that the 
complex is formed in cellular conditions and can be considered as the first step in the 
direction of characterizing this complex in vivo. 
Clearly, the next interesting issue raised by these results that warrant study is 
determining the biological consequences associated with the formation of the 
PLMVd:eEFlA complex. Although this is not the goal of the current study, it is tempting 
to speculate about this issue. It is unlikely that the formation of this complex will 
sufficiently reduce the amount of eEFIA so that it will interfere with its normal cellular 
function (e.g. reducing translation) due to its abundance. The potential binding site 
located on the PLMVd strand of (+) polarity, as determined by nuclease probing, might 
be useful in the development of a hypothesis explaining eEFlA's role in the viroid's life 
cycle. First, these data suggest that eEFIA binds the PI stem and that this binding is 
associated with the opening of the right-hand, double-stranded region of the P l l stem. 
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This region includes both the hammerhead-cleavage and the self-ligation sites (i.e. 
positions C289 and C49 for the (+) and (-) strands, respectively (COTE et PERREAULT 
1997, HERNANDEZ et FLORES 1992); see Fig. 24B), as well as the host polymerase 
initiation site (positions A50/C51 and U286 for the (+) and (-) strands, respectively 
(DELGADO et al, 2005, MOTARD et al, 2008)). The modification observed in the 
nuclease mapping experiments in this region may correlate with that observed for the 
PLMVd (-) strand, although it is more limited in the latter case. 
Several experiments were performed investigating the potential implication of 
eEFIA in either the self-cleavage or the self-ligation reaction (unpublished data, F. 
Bolduc and J.P. Perreault); however, no significant variation of either the self-cleavage or 
the self-ligation levels was detected, regardless of the conditions tested. Alternatively, it 
might be possible that the binding of eEFIA to, or near to, the PI stem favors the 
initiation of replication. eEFIA has been shown to be involved in the replication of 
several RNA viruses either by interacting directly with the RNA species (e.g. it interacts 
with the 3' ends of the turnip Yellow Mosaic Virus (TYMV) (JOSHI et al, 1986), the 
brome mosaic virus (BMV) (BASTIN et HALL 1976) and the West Nile Virus (WNV) 
(DAVIS et al, 2007)), or directly with the viral RNA dependent RNA polymerase (e.g. 
as is observed for polio virus (PV) (HARRIS et al, 1994) and tobacco mosaic virus 
(TMV) (YAMAJI et al, 2006)). However, since the chloroplastic polymerase 
responsible for PLMVd replication remains to be identified, and there is no model 
enzymatic assay yet available, such involvement cannot be verified at present. Secondly, 
the interaction in the L7 loop (Fig. 24B), which is located in close proximity to the P8 
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pseudoknot, is in agreement with the previous demonstration that an elongation factor 
binds to such a motif within TMV (ZEENKO et al, 2002). Since the contribution of 
eEFIA to various cellular mechanisms, including translation, cytoskeleton formation and 
the protein exportation mechanism to name only a few examples, has been described 
(GROSS et KINZY 2005, KHACHO et al, 2008), the formation of the 
PLMVd:eEFlA complex might also have an impact on several cellular mechanisms (e.g. 
RNA transport and RNA stability). Interestingly, the fact that PLMVd interacts with the 
homologous elongation factors from tobacco and tomato plants, and that PSTVd, the 
prototype member of the Pospiviroidae family, can interact with peach eEFIA, indicates 
that this interaction does not represent a PLMVd-host specificity. It has been already 
proposed that many RNA viruses including the hepatitis delta virus require interaction 
with the host's eEFIA during their life cycles (SIKORA et al, 2009, YAMAJI et al, 
2006, ZEENKO et al, 2002). It is likely that viroids obey this rule. 
eEFIA binding to viral structure was shown to be GTP-dependent. For example, it 
has been shown to be essential for the binding of the 3'-terminal tRNA-like structure of 
the TMV (ZEENKO et al, 2002). However, to our knowledge the GTP-dependent 
behaviour for eEFIA binding to RNA structures other than tRNA-like was not reported 
yet. For example, the GTP-dependence of the binding of the pseudoknot structure of the 
WNV was not verified (BLACKWELL et BRINTON 1997). In the case of the eEFIA 
binding to PLMVd, we performed an experiment that aim to address this question and it 
seems not to be the case. However, we have to keep in mind that it is not excluded that a 
fraction of the purified eEFIA may have retained GTP essential for PLMVd interaction. 
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Future work should be directed towards elucidating the biological consequences of the 
PLMVd:eEFlA complex formation. It is of primary importance to confirm the formation 
of the protein:PLMVd complex for each putatively identified protein, and to then study 
the biological implications of those interactions. For example, the identified putative 
chaperone, which had the best covering score (15%), has no known specific activity. 
Consequently, it could be interesting to further investigate this protein. It is important to 
understand that the life cycle of PLMVd remains largely elusive, therefore there is no 
solid base to reject a potential interacting protein yet. Northwestern is a risky but 
interesting strategy for the identification of proteins that interact with a viroid, and further 
characterization of these interactions should contribute to revealing the significance of 
each viroid RNA:host protein complex. 
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CHAPITRE 4 : Inoculation de plantes de pecher par differentes constructions du 
PLMVd. 
RESULTATS COMPLEMENTAIRES NON PUBLIES 
Implication dans le travail 
J'ai effectue les differents dimeres utilises a l'exception du mutant 6A qui a ete realise 
par Francois Bolduc. J'ai effectue les inoculations et les detections en Belgique avec 
1'aide d'Olivier Parisi, etudiant au doctorat dans le laboratoire du Pr Haissam. 
Introduction 
Au laboratoire, nous etudions principalement la relation entre la structure et la 
fonction des ARN. PLMVd est une excellente molecule modele par sa simplicity et ses 
activites autocatalytiques qui peuvent nous permettre de visualiser rapidement un effet de 
la structure sur des activites mesurables. Les travaux realises au laboratoire jusqu'a 
maintenant ont eu lieu principalement in vitro, puisque malheureusement nous ne 
sommes pas equipe pour realiser des etudes in vivo. Dans l'espoir d'approfondir nos 
connaissances sur la structure et de verifier l'effet de certains motifs sur la replication in 
vivo de PLMVd, nous avons developpe une collaboration avec le Pr Haissam de la faculte 
des Sciences Agronomiques de Gembloux (Belgique) qui est specialise dans l'inoculation 
de plantes de pecher par PLMVd. 
Nous avons premierement mute une partie de la sequence impliquee dans le 
pseudonoeud P8 de PLMVd et deuxiemement le site d'initiation pour verifier si ces deux 
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elements sont essentiels a la replication de PLMVd (constructions P8 et 6A 
respectivement). Nous avons d'autre part cree des molecules de PLMVd composees 
seulement des tiges-boucles PI, P10 et P l l (fragment de 150 nt) pour verifier si cette 
molecule est capable de se repliquer in vivo. En effet, selon des etudes recentes 
(MOTARD et al, 2008), ce motif contient tous les elements essentiels a la replication, 
soit le site d'initiation, le site de clivage et le site de ligation. II est done probable que 
cette molecule soit capable de se repliquer dans les plantes de pecher. 
Dans un autre ordre d'idee, la recombinaison entre differentes sequences de 
PLMVd a ete propose recemment suite a l'analyse de plusieurs sequences de PLMVd 
(FEKIH HASSEN et al., 2007). Pour verifier si ce phenomene se produit bel et bien in 
vivo, nous avons dimerise et inocule ensemble des variants qui ont ete identifie comme 
les sequences matrices pour des phenomenes de recombinaison (PLMVd. 197/. 199 et 
PLMVd.039/.041). 
Finalement, dans l'espoir de recruter des complexes viroi'de-proteines, nous avons 
incorpore un aptamere MS2 a l'extremite soit de la tige-boucle P3 ou P l l de PLMVd 
(MS2 P3 et MS2 P l l ) . Notre hypothese est que si ces constructions se repliquent a 
1'interieur des plantes, il sera possible de purifier les molecules d'ARN sur une colonne 
d'affinite ainsi que les proteines qui leur sont liees et d'identifier ces dernieres par 
spectrometrie de masse. 
Materiels et methodes 
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Dimerisation 
Tout d'abord, une reaction de PCR a ete realisee pour chaque variant et pour 
toutes les constructions a dimeriser. Les reactions d'amplification par PCR ont eu lieu 
dans un volume final de 100 uL en presence de 2 uM de chaque amorce (voir tableau 7), 
1 mM MgS04, 0.2 mM de chaque dNTP, 10 mM Tris-HCl (pH 8.8), 25 mM KCl, 5 mM 
(NH4)2S04 et 1 (j.g de la polymerase Pfu purifiee. Les reations ont subi 30 cycles 
d'amplification (1 min a 94°C, 1 min a 54°C et 1 min a 72°C) suivi d'une extension 
finale de 5 min a 72°C. Les paires d'oligonucleotides utilisees sont representees au 
tableau 7. Chaque produit de PCR a ete separe sur gel d'agarose 1% et purifie grace a une 
colonne Spin-X (Corning) et selon les instructions du fabricant. 
Apres precipitation a Fethanol, les echantillons ont ete resuspendus dans 10 uL 
d'eau et phosphoryles a l'aide de la T4 PNK (USB). Les reactions ont eu lieu dans un 
volume total de 20 ul avec 10 uM d'ATP, 2 uL de tampon 10 X (500 mM Tris-HCl pH 
7.5, 100 mM MgCl2, 10 mM ATP, 100 mM DTT et 250 ug/ml BSA) et 10 U de T4 PNK. 
Pour inactiver l'enzyme, 1 uL d'EDTA 0.5 M pH 8.0 a ete ajoute et les reactions 
chauffees 10 minutes a 65°C. Les reactions de ligation ont ete realisees avec la T4 ADN 
ligase purifiee dans un volume de 20 uL et en presence de 2 uL de tampon de ligation 10 
X, 5% PEG 4000 et 1 uL d'enzyme. Les reactions ont ete incubees toute la nuit a 16°C. 
Par la suite, les proteines ont ete enlevees par deux extractions successives au phenol-
chloroforme et l'ADN precipite a Fethanol en presence de glycogene. Les produits de 
ligation ont ete visualises sur gel d'agarose 1% et les dimeres purifies de la meme 
maniere que celle decrite precedemment. Les dimeres purifies ont ete incubes 10 minutes 
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a 72°C en presence de 1 uL de Taq polymerase, 1 X de tampon ThermoPol de NEB et 1 
mM de dNTP. Par la suite, les fragments d'ADN ont ete clones dans le vecteur pGEM-T 
selon les instructions du fabricant. Les clones sequences qui possedaient l'insert 
dimerique dans le bon sens et en sens inverse ont ete conserves pour produire de l'ARN. 
Transcriptions 
Les trancriptions ont ete realisees a partir des plasmides digeres par l'enzyme Spe 
I et avec la polymerase T7 comme decrit aux chapitres precedents. L'efficacite d'auto-
clivage des differentes constructions a aussi ete evaluee qualitativement apres 
transcription et migration sur un gel de polyacrylamide denaturant 5% (acrylamide:bis-
acrylamide, 19:1). Les gels ont ete visualises grace a une exposition aux UV et les ARN 
extraits et elues toute la nuit dans le tampon d'elution (500 mM NfUOAc, 1 mM EDTA 
et 0.1 % SDS). Les ARN ont par la suite ete precipites a l'ethanol et quantifies par 
spectrophotometrie. Dans certains cas seulement, 1 ul de RQ1 DNAse a ete ajoute aux 
produits de transcription pour degrader les plasmides. 
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Tableau 7 Amorces utilisees pour la creation des differents dimeres 
Constructions 
Amorces utilisees 













6A (ler PCR) 
6A (2e PCR) 
6A (3e PCR) 





























Dans un premier temps, 140 plantes de pecher ont ete transplantees et identifiees 
par le nom des differentes constructions : 7 plantes de pecher ont ete inoculees avec une 
transcription de chaque construction et 2 plantes ont ete inoculees avec une transcription 
de chaque construction qui a subit une DNAse. Ainsi pour chaque construction 9 plantes 
ont ete inoculees. De plus, 7 plantes ont ete inoculees avec un melange des variants 
PLMVd.197/. 199 et 7 autres avec un melange des variants PLMVd.039/.041. Pour 
chaque construction, l'ARN a ete dilue dans une solution contenant K2HPO4 50 mM dans 
un volume final de 300 ul Pour inoculer les plantes, une lame de rasoir a ete trempee 
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dans la solution ARN/K2HPO4 et des entailles ont ete produites au niveau de la tige et des 
feuilles des plantes de pecher. Pres d'une dizaine d'entailles ont ete realisees par plante. 
Extraction de jus brut 
Pour chaque plante qui a ete analysee, 1 g de feuilles a ete recolte et depose dans 
un sac de broyage auquel 5 ml de tampon 2X SSC (NaCl et Citrate de sodium) et 1% de 
sodium sulfite a ete ajoute. Les feuilles ont ete broyees et 1 ml d'extrait brut recupere. 
Les echantillons ont par la suite ete centrifuges 30 minutes a 13 000 rpm a 4°C et dilue 
1/100 dans de l'eau traite avec du pyrocarbonate d'ethyle. 
RT-PCR 
Les differentes reactions de RT-PCR ont ete faites lors d'une seule etape grace au 
produit « Titan one tube RT-PCR » (Roche) et selon les instructions du manufacturier. 
Les amorces utilisees pour la detection des differentes constructions sont representees au 
tableau 8. Par la suite les echantillons ont ete incubes 1 heure a 50°C, 3 min a 95°C, et 
ont par la suite subi 35 cycles d'amplification suivant: 30 sec a 95°C, 45 sec a 60°C, 45 
sec a 72°C. Pour finir, les echantillons ont ete incubes 5 minutes a 72°C. Finalement, les 
reactions de RT-PCR ont ete visualisees sur gel d'agarose 1%. Dans le cas des 
echantillons provenant des melanges de deux variants pour detecter des phenomenes de 
recombinaison, la Taq polymerase a due etre utilisee puisque cette enzyme n'a pas 
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d'activite 3'-5' exonuclease pour corriger les mauvais appariements, ce qui empeche 
P amplification des variants qui ne proviennent pas de la recombinaison. 
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(44 nt) = 282 
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Dans le tableau 8, les nucleotides en gras represented les nucleotides specifiques a un des 
deux variants utilise pour la recombinaison. Plus precisement, les amorces sens sont 
specifiques aux variants PLMVd. 199 et PLMVd.039 respectivement et les amorces 
antisens sont specifiques aux variants PLMVd. 197 et PLMVd.041. 
Resultats et discussion 
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Ce partenariat entre le laboratoire du Dr Ha'i'ssam (Belgique) et notre groupe de 
recherche a permis d'inoculer plus d'une centaine de plantes de pecher avec differentes 
constructions du PLMVd. Toutes les constructions ont pu etre dimerisees et 140 plantes 
ont ete inoculees en Belgique a Pete 2008. Apres un temps d'incubation de 1 an, le 
niveau d'infection des plantes a ete evalue par RT-PCR (Tableau 9). Dans un premier 
temps, les plantes infectees a partir de jus brut contamine et la grande majorite des 
plantes infectees par le variant Alberta #151.1 (PLMVd.282), connu pour etre infectieux, 
se sont reveles infectes (figure 25, puits 4-5-6 et puit #10 respectivement). D'autre part, 
les plantes saines qui n'ont pas ete inoculees n'ont demontre aucun signe d'infection par 
PLMVd (figure 25, puit #3). Ces resultats ont permis de valider 1'experimentation. Tous 
les resultats des differentes inoculations sont decrits dans le tableau 9. 
Les plantes inoculees par une construction contenant l'aptamere MS2 n'ont pas 
ete en mesure de se repliquer, et par consequent les proteines liees a PLMVd in vivo n'ont 
pas pu etre etudiees. Pour verifier si des phenomenes de recombinaison pouvaient etre 
reproduits in vivo, les variants PLMVd. 197/. 199 et PLMVd.039/.041 ont ete dimerises 
separement et inocules dans des plantes de pecher seul et avec leur sequence homologue. 
Par la suite, la replication de ces differents variants a l'interieur des plantes a ete verifiee 
par RT-PCR. La replication de ces variants etant inconnue, il a done fallu s'assurer que 
les variants individuels etaient en mesure de se repliquer. Malheureusement, a l'exception 
du variant PLMVd. 197, les autres variants ne se sont pas reveles tres infectieux. Ainsi, 
puisque les variants utilises pour cette etude sont tres peu infectieux, il est possible que le 
temps d'incubation n'ait pas ete suffisant pour etudier la recombinaison ou que seuls les 
recombinants soient infectieux. 
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En ce qui concerne le motif P1/P10/P11, meme si il est capable de se cliver de 
maniere efficace in vitro, nous n'avons aucun indice concernant son niveau d'auto-
ligation in vitro et ceci aurait du etre verifier avant son inoculation. En effet, il est 
possible que cette activite ne soit pas fonctionnelle et ne permette pas la replication in 
vivo. D'autre part, il est possible que la partie manquante (tiges-boucles P2 a P9) soit 
impliquee dans le transport de PLMVd et qu'en son absence PLMVd ne puisse plus se 
propager dans la plante. Ainsi il est possible que ce soit pour ces raisons que PLMVd 
n'ait pas ete detecte. Pour reussir a voir si cette construction est capable de se repliquer, il 
serait interessant d'utiliser un modele cellulaire capable de soutenir la replication de 
PLMVd, tel que des protoplastes de pechers, et dans lequel le transport systemique n'est 
pas essentiel. Malheureusement, un tel modele n'est pas encore disponible. 
Les travaux realises dans ce chapitre ont cependant permis de determiner un 
domaine essentiel a la replication de PLMVd, plus precisement le pseudonoeud P8 
(figure 25). A la suite de ces resultats il est evident que lorsqu'on empeche la formation 
du pseudoneud P8, PLMVd n'est plus en mesure de se repliquer. Nous avons aussi verifie 
Fimportance d'une sequence du hammerhead (mutant 6A), proposee pour etre le site 
d'initiation de la replication. Toutefois il n'est pas clair si cette derniere sequence est 
reellement importante pour la replication, car ce mutant n'est pas en mesure de s'auto-
cliver in vitro. Ainsi une absence de replication est probablement due a l'absence de 
clivage. 
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Tableau 9 Resultats des inoculations de PLMVd dans des plantes de pecher. 
Variants 
Non infecte 
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Plusieurs elements pourraient expliquer les difficultes rencontrees lors de ce 
projet. Tout d'abord, le temps d'incubation necessaire a la replication du PLMVd avant 
l'apparition des symptomes et avant le debut de la detection a ete plus long que prevu. 
Eventuellement, un temps d'incubation de plus de 1 an devra etre prevu. D'autre part, 
certains variants (PLMVd. 199, PLMVd.039 et PLMVd.041) montrent tres peu de signe 
d'infection, ce qui rend la detection de la recombinaison plus difficile. Finalement, nous 
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n'avons pas pu detecter la replication des variants du PLMVd pour lesquels nous avons 
ajoute un aptamere. Par consequent, nous n'avons pas pu immunoprecipiter les 
complexes proteiques lies a la molecule du PLMVd. Toutefois, ce resultat est important 
puisque nous pouvons maintenant confirmer que l'ajout d'une sequence relativement 
courte a l'extremite de deux tiges-boucles differentes (P3 et PI 1) de ce viroi'de inhibe sa 
replication. 
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Figure 25 Mutation du pseudonoeud et effet sur la replication du variant 
PLMVd.282 dans des plantes de pecher. 
(A) Schema de la structure secondaire de PLMVd (+) avec les sequences impliquees dans 
le pseudonoeud P8. Dans l'encadre en rouge est represente les nucleotides qui ont ete 
mutes pour empecher la formation du pseudonoeud. (B) Migration sur gel d'agarose des 
produits de reaction de RT-PCR a partir de jus bruts. (Puit #2) Reaction de RT-PCR avec 
de l'eau seulement, (puit #3) a partir de plantes saines, (puits #4-5-6) a partir de 3 plantes 
infectees par le variants PLMVd.282 (Alberta #151.1) et (puits #7-8-9) 3 plantes 
infectees avec le mutant P8 (AAAA) et finalement un controle (+) a partir de jus brut 
infecte (puit #10). 
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DISCUSSION 
1. STRUCTURE DES DEUX POLARITES DE PLMVd 
Lors de la decouverte des viroi'des, plus specifiquement des Pospiviroidae, leur 
structure sous forme de batonnet (rod-like) a rapidement ete deduite a cause de la grande 
complementarite de leur sequence (SANGER et al, 1976). Lorsque le premier viroi'de 
de la famille des Avsunviroidae a ete identifie, soit ASBVd, les chercheurs ont 
immediatement propose une structure similaire de type batonnet pour ce viroi'de 
(SYMONS 1981). Par la suite, une structure legerement differente a ete determinee en 
solution (DING et ITAYA 2007). Toutefois, en ce qui concerne PLMVd, les premieres 
predictions informatiques ont montre que la structure de ce viroi'de etait plus complexe 
que celle des Pospiviroidae et de ASBVd et qu'une prediction native en forme de 
batonnet ne pouvait s'appliquer (AMBROS et al, 1998, HERNANDEZ et FLORES 
1992). Ainsi les viroi'des ne possedent pas tous une structure en forme de batonnet et la 
determination de leur structure secondaire est devenue essentielle pour mieux discerner 
les differences dans leur mecanisme d'action. 
Afin de determiner la structure secondaire de PLMVd, l'utilisation de logiciel 
informatique, tel que mFold, permet de mettre en evidence la difference structure lie des 
deux polarites (resultats non presenters). Meme si une analyse in silico doit etre validee, 
ces resultats laissent croire que les deux polarites de ce viroi'de ne possedent pas 
exactement la meme structure secondaire, et ce, meme si elles possedent plusieurs 
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activites identiques. En effet, l'utilisation d'un logiciel informatique ne permet pas encore 
de determiner precisement la structure en solution d'un ARN aussi long que PLMVd, soit 
de 338 nucleotides. II est done preferable de varier les methodes d'analyse, incluant une 
approche biochimique, afin de compiler plusieurs resultats pour preciser la structure 
secondaire. 
Dans un premier temps, differentes approches biochimiques et biophysiques nous 
ont permis de mettre en evidence des proprietes legerement differentes entre les deux 
polarites de PLMVd, tel que la temperature de denaturation et la solubilite dans une 
solution de chlorure de lithium. Bien que ces resultats confirmaient ceux obtenus in silico 
par mFold, ils ne permettaient pas de localiser specifiquement l'origine des differences 
structurales. Puisque la structure secondaire de la polarite positive etait deja connue, nous 
avons decide d'investiguer da vantage la structure de la polarite negative de PLMVd. 
L'etude detaillee de la structure secondaire de la polarite negative de PLMVd a ainsi 
permis d'identifier des differences et des similitudes structurales entre les deux polarites 
de PLMVd. Ainsi, meme si les deux polarites possedent plusieurs activites et 
caracteristiques communes (e.g. auto-coupure, auto-ligation,...), l'etude presentee dans 
cette these (chapitre 1) nous a revele que les deux structures ne sont pas completement 
identiques. En effet, les deux polarites de PLMVd presentent des differences dans leurs 
domaines branches respectifs, soit les tiges P3, P4, P5, P6, P7 et P8. De plus, le 
pseudonoeud P8 ne semble pas etre present dans la polarite negative. Or l'unique 
presence du pseudonoeud dans la polarite positive de PLMVd permet de proposer que les 
deux polarites pourraient avoir des fonctions differentes. Ce dernier resultat est d'autant 
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plus important que les sequences retrouvees a l'interieur de ce motif sont conservees et 
laissent presumer une fonction importante. L'importance de ce motif pour la replication 
in vivo de PLMVd a ete demontree dans le chapitre 4. En ce qui concerne les similitudes, 
la longue tige-boucle PI 1 est conservee dans les deux polarites de PLMVd et les tiges PI, 
P2, P9 et P10 sont tres similaires (figure 26). 
Les differences observees entre les deux polarites de PLMVd permettent 
maintenant d'expliquer les legeres variations d'activites observees entre celles-ci. En 
effet, une auto-ligation plus efficace de la polarite negative peut s'expliquer par une plus 
grande stabilite de cette region. Par le fait meme, une plus grande stabilite permet aussi 
d'expliquer le clivage plus faible de la polarite negative comparativement a la polarite 
positive. 
L'analyse des nombreuses structures que l'ARN peut adopter s'avere etre un defi 
technique. La molecule d'ARN n'est pas statique. En effet, plusieurs ARN viraux 
possedent differentes structures qui jouent des roles varies a l'interieur du cycle de 
replication du virus (SIMON et GEHRKE 2009). II est done important de tenir compte 
de toutes les structures possibles. Les techniques utilisees ne nous permettent pas toujours 
de visualiser les differentes conformations d'une molecule d'ARN a partir d'une meme 
analyse. Ce qui pourrait expliquer en partie pourquoi les resultats sont parfois 
discordants. La technique de gel d'electrophorese avec gradient de temperature (TGGE) 
s'est averee fort valable puisqu'elle nous a permis d'observer plusieurs structures 
alternatives pour la polarite positive a faible temperature, phenomene qui n'a pas ete 
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observe pour la polarite negative. Ceci est la premiere fois qu'autant de structures sont 
observees par une seule technique. Eventuellement il serait interessant de determiner 
qu'elles sont ces structures alternatives et leurs fonctions. 
Encore aujourd'hui, l'etude structurale de longs ARN est difficile. II est important 
de specifier que les structures secondares des deux polarites de PLMVd ont ete 
determinees par plusieurs methodes pour un seul variant de PLMVd. L'utilisation d'une 
methode d'analyse structurale plus rapide pour une grande molecule d'ARN etait done 
essentielle pour comparer plusieurs variants du PLMVd. Grace a la technique « RNA 
selective 2'-hydroxyl acylation analyzed by primer extension » ou SHAPE, l'analyse 
structurale de grandes molecules d'ARN est maintenant possible (WILKINSON et al, 
2008). Cette methode a tout d'abord ete verifiee avec le variant PLMVd.034 (soit le 
variant #24 du cultivar Siberian C ou plus precisement celui qui est retrouve dans la 
construction pPDl (BEAUDRY et al, 1995)). Bien que les structures obtenues 
appuyaient en grande majorite les modeles deja proposes (chapitre 2), quelques 
differences ont toutefois ete visualisees. En effet, pour la polarite negative, la region de la 
tige P3 ne semble pas etre formee exactement comme l'avaient predit les anciennes 
methodes d'analyse. Ces discordances, telle que la non reconnaissance de la cytosine 
dans la boucle 3par la RNAse A, flirent detectees lors d'essais aux ribonucleases. De 
plus, certaines interactions tertiaires ou structures alternatives pourraient permettre 
d'expliquer quelques resultats non reproductibles, comme l'inaccessibilite de la boucle 
L2 (figures 13 et 14, chapitre 2). Ainsi, la determination de la structure secondaire d'un 
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long ARN est une demarche fastidieuse et requiere la compilation d'un grand nombre de 
donnees complementaires obtenues par differentes techniques. 
Figure 26 Schema des structures des deux polarites de PLMVd. 
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Les deux polarites de PLMVd possedent une structure similaire, mais le pseudonoeud P8 
est absent de la polarite negative. 
193 
Dans le but de verifier si la majorite des variants de PLMVd ont une structure secondaire 
identique, nous avons choisi le logiciel SHAPE pour anlayser la structure d'un nouveau 
variant (chapitre 2). Premierement, les experiences ont ete realisees sur le variant 
PLMVd.282 (variant Alberta #151.1), qui est tres infectieux compare au variant 
PLMVd.034. Les deux variants ont sensiblement les memes structures mise a part la 
presence du motif cruciforme dans la tige P l l dans le variant PLMVd.282 qui n'est pas 
observe pour le variant PLMVd.034. Le role fonctionnel de ce motif demeure cependant 
a etre determine. Toutefois, la presence du cruciforme ne serait pas associee au pouvoir 
infectieux du variant. En effet, on a demontre en Belgique que le variant PLMVd.034 
inocule in vivo etait egalement infectieux. Aussi, cette etude rapporte d'autres variants 
non infectieux qui possedent aussi ce motif (AMBROS et ah, 1998). II est done 
pertinent de se demander si cette structure joue un role reel dans un autre mecanisme. 
Eventuellement, il est suggere de faire cette etude avec des variants qui ont un 
comportement different suite a leur inoculation (tres infectieux vs pas infectieux) ou qui 
provoquent des symptomes differents (chlorose severe vs asymptomatique). Ainsi, cette 
analyse permettra peut-etre de definir des structures differentes chez ces variants et de 
mieux comprendre pourquoi certains variants sont plus infectieux que d'autres. Par 
exemple, les inoculations realisees en Belgique ont demontrees que le variant 
PLMVd.282 est tres infectieux comparativement aux variants PLMVd.039 et 
PLMVd.041 (chapitre 4). 
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L'analyse SHAPE peut aussi permettre d'identifier certains elements de la 
structure tertiaire d'un ARN qui n'avaient pas ete revele par d'autres analyses. En effet, 
l'hypothese d'un pseudonoeud entre les boucles LI et L l l avait ete proposee il y a 
plusieurs annees. Seule l'analyse de la covariation entre quelques sequences supportait 
cette hypothese (AMBROS et al, 1998). Les experiences realisees par SHAPE ont 
cependant pu demontrer la presence du pseudonoeud dans la polarite positive du variant 
PLMVd.282. Pour faciliter l'etude in vitro de ce pseudonoeud, des mutations furent 
introduites. Des petites molecules de PLMVd, contenant les tiges P1-P2-P10 et PI 1 et qui 
possedent la raeme structure que la molecule complete, ont ete utilisees. Par la suite, les 
differentes molecules mutantes ont ete analysees par SHAPE et ont permis de confirmer 
la presence de ce motif. Une plus vaste analyse informatique de toutes les sequences 
connues de PLMVd a ete entreprise et ce pour les deux polarites. A la suite de cette 
analyse, il est evident qu'un pseudonoeud peut se former dans presque tous les variants 
de PLMVd, et ce, pour les deux polarites (chapitre 2). D'autres variants contenant un 
pseudonoeud potentiel de 3 et 7 nucleotides ont aussi ete compares par SHAPE. Pour 
l'instant, seuls les variants contenant un pseudonoeud potentiel de 5 paires de base et plus 
semblent posseder cette structure. D'autres experiences devront certainement etre 
realisees pour verifier si le minimum de paires de base est bel et bien de 5 ou si d'autres 
elements sont importants pour la formation de ce pseudonoeud. 
La fonction d'un pseudonoeud entre les boucles LI et L l l ne semble pas claire 
pour l'instant. Un tel motif pourrait empecher certaines activites de PLMVd telles que sa 
replication, son auto-coupure et sa ligation puisque toutes ces activites sont retrouvees 
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dans la tige PI 1. Ainsi, une telle structure pourrait permettre de bloquer des activites de 
PLMVd et etre impliquee dans d'autres fonctions telles qu'une protection contre les 
PvNAses cellulaires ou le transport. Finalement, si nous ne sommes pas capables 
d'identifier cette structure in vitro chez tous les variants, il est possible que cette structure 
ne soit pas toujours majoritaire et que seulement une faible proportion des molecules de 
PLMVd adopte cette conformation. II se peut aussi qu'un ou des elements essentiels a la 
formation de ce motif soient manquants, tel que la presence d'une proteine. Dans ce cas, 
il faudra done attendre la decouverte de cet element avant de pouvoir en faire la 
demonstration pour certains variants. 
Les deux polarites de PLMVd sont retrouvees chez la plante en quantite similaire 
et possedent pour l'instant les memes activites. Rien pour le moment n'indique qu'une 
polarite est plus importante que Pautre. Par consequent, les deux structures sont 
importantes pour bien comprendre le mecanisme de replication de ce viroi'de. La polarite 
positive de PLMVd avait ete choisie de maniere arbitraire par le passe pour determiner la 
structure secondaire de PLMVd et rien n'avait ete fait pour la polarite negative. Afin de 
poursuivre differentes etudes, il devenait essentiel de determiner la structure secondaire 
de PLMVd de polarite negative. En effet, cette etude a permis de comparer les petits 
ARN produits a partir de PLMVd sur la structure de ses deux polarites. La localisation 
des differents petits ARN a ainsi permis de determiner les endroits les plus reconnus par 
la machinerie de l'ARN interference. Cette etude vient demontrer qu'il est faux de penser 
que deux ARN de polarite inverse possedent une structure identique. Une structure 
differente s'explique principalement par des liaisons Wobble GU presentes dans une 
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polarite et absente dans Pautre. Finalement, si les deux polarites de PLMVd ne possedent 
pas la raeme structure secondaire, ceci est probablement le cas pour d'autres ARN. 
La decouverte recente de la transcription en ARN de la grande majorite du 
genome humain, et ce meme s'il n'encode pour aucune proteine (WILUSZ et al, 2009), 
a apporte plusieurs questionnements. En effet, meme si la fonction des ces ARN demeure 
majoritairement inconnue, plusieurs hypotheses furent apportees, telles que la modulation 
de Pepissage alternatif, la creation de petits ARN interferents ou un role structural en se 
liant a des proteines et en modifiant leurs proprietes. Puisque PADN est double-brin, il 
est fort probable que les deux brins transcrits vont produire des ARN qui seront en 
mesure de s'hybrider. Toutefois, a la suite des resultats obtenus dans cette these, il est 
legitime de se poser la question suivante : lorsque deux ARN de polarites inverses sont 
produits dans la cellule, forment-ils automatiquement une molecule double-brin 
complementaire ou les structures secondares intramoleculaires sont favorisees? Pour 
tenter de repondre a cette question, une experience simple fut realisee. Une polarite de 
PLMVd marquee radioactivement a ete denaturee a 65 °C et la polarite inverse non 
radioactive lui a ete ajoutee. Par la suite, le melange a ete migre sur gel de 
polyacrylamide natif. Une difference majeure dans la migration du melange comportant 
les deux polarites a ete observee, comparativement au controle sans ajout de polarite 
inverse. Ces resultats laissent croire que la formation d'un ARN double-brin est 
favorisee. Toutefois, si PARN n'est pas chauffe avant de le mettre en presence de la 
polarite inverse, nous avons remarque que la formation d'ARN double-brin n'est pas 
complete pour la polarite negative, contrairement a la polarite positive qui est totalement 
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sous forme double-brin. Cette observation rapporte une autre difference entre les deux 
polarites et suggere que la molecule double-brin est generalement plus stable que la 
molecule structured de facon intramoleculaire. Cependant, rien ne nous indique pour 
l'instant que TARN adopte bel et bien cette forme double-brin. En effet, peut-etre que les 
deux polarites s'apparient partiellement ou elles interagissent via l'interaction de 
differentes tiges-boucles. Pour confirmer que la bande observee correspond aux deux 
polarites de PLMVd completement appariees, des duplexes d'ARN de differentes 
longueurs pourrait etre analyses sur gel natif. Le role putatif du duplexe forme des deux 
polarites de PLMVd dans la cellule demeure inconnu. Selon les connaissances actuelles, 
le seul phenomene associe aux duplexes ARN est l'ARN interference. Cependant, ce 
phenomene nuirait certainement a la replication de PLMVd en produisant des petits 
ARN. Ainsi, pour le moment il ne semble y avoir aucun avantage pour PLMVd a 
produire de telles molecules. 
Eventuellement, il sera primordial de determiner si la structure intramoleculaire 
d'un ARN est assez stable pour ne pas etre destabilisee par l'hybridation d'une molecule 
complementaire et ce, pour differents ARN. Aussi, si les deux structures se verifient, il 
sera important de determiner quelle est la stabilite de chacune. Ces etudes vont 
certainement mener a une meilleure comprehension des differents mecanismes de 
regulation de la cellule par l'ARN. 
D'autre part, j 'a i egalement contribue a l'initiation d'un projet qui consiste en 
l'analyse de milliers de sequences de PLMVd obtenues par sequencage a haut debit et 
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provenant de l'inoculation d'un seul variant, soit le variant PLMVd.282. Cette analyse 
permettra dans un premier temps de determiner quel est le pourcentage exact de variation 
pour une quasiespece. En effet, pour 1'instant cette valeur est approximee a environ 90% 
sans pour autant etre basee sur des resultats. Dans un deuxieme temps, cette etude 
permettra de faire une analyse plus exhaustive de la covariation chez PLMVd. Cette 
derniere analyse est essentielle pour 1'identification eventuelle ou la confirmation de 
structures secondares et de certains motifs tertiaires. 
2. INTERACTION DE PLMVd AVEC SON HOTE 
Differentes techniques existent pour tenter d'identifier des interactions in vitro et 
in vivo entre une molecule d'ARN et des proteines. Chaque methode comporte des 
avantages et des limitations. Afin d'identifier les proteines interagissant avec PLMVd, on 
a tente de purifier les chloroplastes a partir de feuilles de pecher. Ce travail infructueux 
fut realise avant que je joigne l'equipe du Dr Perreautl. Nous avons done choisi de 
proceder autrement. Dans un premier temps, les proteines provenant de feuilles de pecher 
furent extraites. Afin de purifier ces extraits, une colonne d'heparine-sepharose a ete 
utilisee. Ce choix est justifie par les proprietes de Pheparine qui s'apparentent aux acides 
nucleiques. Ainsi, par cette methode, nous avons ete en mesure de retenir des proteines 
capables de Her les acides nucleiques. Toutefois, d'autres types de colonne auraient pu 
etre utilises pour identifier d'autres proteines qui n'ont pas pu etre isolees par cette 
technique, tels que des colonnes ioniques, des tamis moleculaires ou des colonnes 
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hydrophobes. Par la suite, differentes methodes furent utilisees pour identifier des 
proteines capables de lier PLMVd (chapitre 3). In vitro, des gels de retardement et des 
hybridations de type northwestern ont ete utilises. Grace aux gels a retardement, nous 
avons visualise des interactions entre PLMVd et des proteines du pecher puisqu'un retard 
sur gel etait visible avec la majorite des fractions proteiques. Toutefois, cette technique ne 
permettait pas d'identifier les proteines impliquees dans les complexes et c'est pourquoi 
nous avons utilise des hybridations de type northwestern. Cette technique, en plus de 
permettre de visualiser des interactions ARN-proteines, permet de determiner le poids 
moleculaire des proteines impliquees dans les complexes et de les identifier par 
spectrometrie de masse a la suite d'une extraction. Cependant, il est important de 
mentionner que cette methode n'est pas parfaite puisqu'elle necessite une etape de 
denaturation des proteines. Par consequent, il est possible que certaines proteines ne 
soient pas renaturees correctement, ce qui pourrait les empecher d'interagir avec TARN 
de PLMVd. De plus, les proteines homomeriques et heteromeriques seront dissociees et 
perderont peut-etre leur capacite de lier PLMVd. Nous avons quand meme decide de 
poursuivre nos recherches avec cette technique malgre ces faiblesses, puisque toutes les 
autres methodes essayees precedemment n'avaient pas ete fructueuses. 
Lors de notre etude, nous avons identifie quelques proteines capables de lier 
PLMVd dont le facteur d'elongation 1-alpha (eEFIA). Nous avons investigue davantage 
l'interaction de cette proteine avec PLMVd puisque celle-ci possede un site de liaison a 
1'ARN et qu'elle est deja connue pour interagir avec des ARN viraux. Nous avons reussi 
a confirmer l'interaction de cette proteine in vitro et in vivo, mais malheureusement, nous 
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n'avons pas pu identifier la fonction de cette proteine dans le cycle de replication de 
PLMVd. En effet, la proteine n'a eu aucun effet sur les activites de coupure et de ligation 
du viroi'de. Cependant, puisque cette proteine est impliquee dans la transcription et la 
traduction de divers virus a ARN (DAVIS et al, 2007, JOSHI et al, 1986, YAMAJI 
et al., 2006, ZEENKO et al, 2002), nous avons propose l'hypothese que cette proteine 
pourrait aussi jouer un role dans la replication de PLMVd. De plus, le site de 
reconnaissance de la proteine sur la polarite positive de PLMVd est situe pres du site 
d'initiation. Curieusement la liaison de la proteine semble rendre ce domaine plus 
accessible aux ribonucleases ce qui vient supporter notre hypothese. Toutefois, puisque la 
polymerase impliquee dans la replication de PLMVd n'est pas encore connue, il nous est 
impossible pour le moment de verifier cette hypothese. D'autre part, a cause de sa liaison 
au cytosquelette, une autre possibility est l'implication de cette proteine dans le transport 
de PLMVd. Premierement, pour verifier cette hypothese il serait interessant d'evaluer la 
colocalisation entre PLMVd et eEFIA par microscopie a fluorescence. Par la suite, une 
mutation de PLMVd au site de liaison de la proteine eEFIA pourrait etre realisee sans 
affecter les autres fonctions de cet ARN. De cette maniere, l'effet de ce mutant sur le 
cycle de replication de PLMVd pourrait etre verifie et apporter un indice sur le role de la 
proteine. 
Les resultats obtenus par la methode de northwestern sont interessants, 
puisqu'avec cette seule methode six partenaires potentiels de PLMVd furent identifies. 
Des recherches eventuelles pourront etre menees dans le but de valider les interactions de 
ces proteines avec PLMVd et de determiner le role de ces interactions dans le cycle de 
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replication de PLMVd. Pour sa part, la proteine L5 semble interessante en raison de son 
implication dans le ribosome et le tranport des ARNt. De plus, cette derniere proteine lie 
la boucle E de 1'ARN 5S, motif egalement retrouve chez PSTVd. L'interaction eventuelle 
d'une proteine avec des viroi'des des deux families pourraient etre tres interessante, 
puisque cela permettrait 1'identification de similitudes entre les mecanismes. Cependant, 
on ne peut cacher notre deception de ne pas avoir identifie de polymerase, ni de proteines 
impliquees dans le mecanisme de 1'ARN interference. Toutefois, ce resultat n'est pas 
etonnant, car l'interaction de telles proteines avec PLMVd est fort probablement trop 
faible pour etre detectee par northwestern. 
D'autre part, les aptameres MS2, SI ou une biotine ont ete ajoutes a la structure 
de PLMVd pour former une colonne d'affinite et recruter des proteines. L'aptamere MS2 
provient du bacteriophage MS2 et est en fait un petit motif ARN reconnu tres 
specifiquement et tres fortement par une proteine de ce meme bacteriophage. L'utilisation 
de cette interaction pour la purification d'ARN a ete demontree recemment (BATEY et 
KIEFT 2007). Sur la figure 27, les proteines des differentes extraits (150, 400 et 600 mM 
sulfate d'ammonium) retenues sur la colonne PLMVd-MS2 ont ete separees sur gel SDS-
PAGE et colorees a l'argent. Des controles sans ARN, avec un ARN controle nomme 
ARN X et sans proteine MS2 ont aussi ete realises. Avec une colonne contenant PLMVd 
de polarite positive ou negative lie a l'aptamere MS2, trois proteines ont ete observees. 
Deux proteines ont ete identifiees par spectrometrie de masse, mais malheureusement ces 
deux proteines n'ont pas ete identifiees par northwestern. Des conditions moins 
stringentes auraient peut-etre pu mener a 1'identification d'une plus grande quantite de 
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proteines. Afin de s'assurer de l'absence de modification structurale ou d'encombrement 
sterique qui empecherait le recrutement de proteines, 1'impact de cet aptamere sur la 
structure de PLMVd devrait eventuellement etre verifie. La methode SHAPE que j'ai 
mise au point sur PLMVd pourra certainement permettre de repondre rapidement a ce 
type de question. 
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* proteine PLMVd PLMVd 
*ARN ARNX MS2 MS2+ MS2-
Figure 27 Identification des proteines retenues par une colonne d'affinite de 
PLMVd. 
Gel SDS-PAGE colore a l'argent. Chaque fraction de proteines (elution a 150, 400 et 600 
mM ammonium sulfate) a ete purified sur une colonne d'affinit£ composee de molecule 
d'ARN de PLMVd de polarite" positive ou negative lie grace a l'aptamere MS2. Des 
controies sans ARN et avec un ARJM non specifique (ARN X) ont aussi ete realises. Pom 
les deux polarites, une proteine de 50 kDa a ete identifiee avec un pourcentage d'identite 
de 4% (Calcium-dependant protein kinase 31, CPK31). Pour la polarite positive 
seulement, une proteine de 70 kDa, qui comporte que 1.8 % d'identite, a ete identifiee 
(Variant in methylation 1, V.IM1). Dans les deux cas, un seul peptide a ete identifie. 
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L'identification des proteines interagissant avec PLMVd par des methodes in vitro 
peut etre interessante dans un premier temps, mais il est encore plus interessant de tenter 
d'identifier celles qui interagissent avec PLMVd directement in vivo. Malheureusement, 
lorsque nous avons tente d'etudier les liaisons que peut faire PLMVd avec les proteines 
du pecher in vivo, nous avons rencontre plusieurs difficultes. Puisque notre laboratoire 
n'est pas equipe pour la culture de plantes de pechers, il nous a ete impossible de 
travailler avec du materiel frais et nous avons du travailler avec des feuilles de pecher 
gracieusement offertes par des groupes de recherche de la Colombie-Britannique et de 
POntario. D'autre part, la creation de protoplastes a ete entreprise au laboratoire par le 
passe, mais sans succes. Par le biais d'une collaboration avec le groupe du professeur 
Jijakli Hassai'm de Belgique, nous avons pu realiser des inoculations a partir de molecules 
d'ARN dimeriques de PLMVd. Ce laboratoire possede des locaux pour faire la culture de 
plants de pechers. Ainsi, des plantes furent inoculees avec le variant PLMVd.282 qui etait 
deja connu pour etre infectieux par le groupe beige. Nous avons ainsi reussi a obtenir 
plusieurs plantes infectees par ce variant. Des mutants de ce variant contenant 1'insertion 
de deux motifs de Paptamere MS2, soit a l'extremite de la tige-boucle P3 ou PI 1, ont 
aussi ete fabriques (chapitre 4). Malheureusement, ces constructions n'ont pas permis la 
detection de plantes infectees, ce qui nous laisse croire que 1'ajout de cette sequence aux 
deux endroits mentionnes prealablement affecte la replication du viroi'de in vivo et 
l'empeche de se repliquer a un niveau basal de detection. 
Pour contourner ce probleme, il serait possible de transformer des plantes de 
pecher avec un plasmide exprimant nos differentes constructions de PLMVd et ce a l'aide 
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de la bacterie Agrobacterium tumefaciens. Ainsi grace a cette technique, les sequences de 
PLMVd mutes n'auraient pas besoin de se repliquer par eux-memes dans la plante, 
puisqu'elles seraient exprimees en grande quantite dans la plante grace a un promoteur 
fort. Toutefois, 1'efficacite de transformation connue sur des explants de pecher n'est pas 
tres elevee, soit un maximum de 26-28% (PADILLA 2006). 
3. INOCULATIONS 
Avant de me rendre en Belgique, nous avons construit plusieurs mutants de 
PLMVd, comportant des motifs varies pour le pseudonoeud (P8) et le site d'initiation 
(6A). Ces constructions devaient etre capables de s'auto-couper sinon elles ne pourraient 
pas mener a une infection. Toutefois, la boite contenant le site d'initiation qui a ete mute 
(6A) n'a pas permis de produire un mutant capable de s'auto-couper in vitro. Par 
consequent, l'impossibilite de detecter une infection ne peut pas s'expliquer par la 
mutation de cette sequence, mais probablement a cause de 1'incapacity de cliver du 
mutant. Aucune conclusion n'a pu etre tiree de cette experience. Seul le mutant P8 a 
donne des resultats clairs et interessants. En effet, ce mutant etait en mesure de s'auto-
couper, mais n'a pas ete en mesure de se repliquer. Puisque le site mute est tres loin du 
site d'auto-ligation, cette derniere activite n'a pas ete verifiee. Ainsi, l'impossibilite du 
mutant a se repliquer est due a la mutation des quatre nucleotides dans le pseudonoeud et 
confirme 1'importance de ce motif in vivo. Cependant, ce resultat ne prouve en rien la 
formation du pseudonoeud et pour l'instant nous n'avons aucune preuve de sa formation 
in vivo. II est possible que seule la sequence soit importante pour PLMVd et c'est 
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pourquoi un double-mutant des sequences du pseudonoeud qui permet de conserver cette 
structure aurait aussi du etre inocule. En esperant etre en mesure de detecter une 
infection, nous avons aussi produit un autre mutant contenant seulement les tiges PI, P10 
et PI 1. Tous les elements essentiels a la replication y etaient retrouves (site de clivage, 
d'auto-ligation et de replication). Malheureusement, aucun viroide mutant n'a pu etre 
detecte un an apres l'infection. Encore une fois, il est possible que l'incapacite d'auto-
ligation de ce mutant empeche la replication. 
4. CONCLUSIONS 
Pour cone lure, cette recherche a permis d'elucider la structure secondaire de la 
polarite negative de PLMVd, ce qui etait essentiel pour la poursuite de plusieurs autres 
etudes sur l'ARN interference et sur les interactions proteiques de ce viroide. Cette 
analyse a aussi permis de mettre en evidence certaines differences entre les deux polarites 
de PLVMd et a permis de mieux comprendre les variations au niveau de la ligation et du 
clivage observees entre les deux polarites. Eventuellement, ces structures seront 
essentielles pour mieux comprendre d'autres mecanismes specifiques ou non aux deux 
polarites. De plus, les resultats obtenus soulevent certaines questions concernant les 
similitudes et les differences entre les deux polarites des autres viroi'des de la famille des 
Avsunviroidae. L'etude de ces autres viroi'des apportera certainement plusieurs reponses. 
Un motif cruciforme a l'interieur de la tige P l l et un pseudonoeud entre les 
boucles LI et L l l a clairement ete visualise pour la premiere fois a l'interieur de la 
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polarite positive du variant PLMVd.282. II sera interessant d'investiguer davantage si un 
pseudonoeud similaire a celui retrouve entre les boucles LI et LI 1 de PLMVd est present 
chez d'autres viroi'des, tel que CChMVd. Finalement, d'autres elements de structure 
tertiaire pourront certainement etre identifies a la suite des resultats preliminaries 
presenters dans cette these. 
D'autre part, la detection d'interactions entre des proteines du pecher et PLMVd a 
ete realisee par differentes techniques, mais principalement par hybridation de type 
northwestern. Cette methode a permis d'identifier six proteines capables de Her PLMVd, 
dont le facteur d'elongation 1-alpha qui pourrait jouer un role dans la replication du 
viroi'de. Puisque cette proteine est deja impliquee dans le cycle de replication de plusieurs 
virus, il sera interessant eventuellement de verifier si cette proteine interagit avec 
differents viroi'des et de determiner son implication dans le cycle de replication des 
viroi'des. De plus, l'optimisation de techniques qui permet le recrutement des complexes 
viroi'de-proteines in vivo sera certainement le prochain defi des recherches sur PLMVd et 
les viroi'des en general. 
Finalement, les resultats obtenus dans cette these seront certainement essentiels a 
plusieurs niveaux, car la structure d'un ARN est le point de depart vers la comprehension 
de divers mecanismes. Elle permettra sans aucun doute de mieux comprendre les activites 
des deux polarites de PLMVd et des viroi'des de la famille des Avsunviroidae. D'autre 
part, la decouverte des premieres interactions de PLMVd avec son hote est un grand pas 
dans le domaine des viroides. Eventuellement, 1'identification des complexes in vivo sera 
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essentielle pour confirmer ou infirmer les interactions proteines obtenues dans cette these. 
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ANNEXES 
1. Analyse du pseudonoeud potentiel P12 entre les tiges-boucles PI et Pll de tous 










































































































































































































































































































































































































































































































































































































































> ; o 











































































































































































































































































































































































































W , ; 
> > 
> > 
> > > i 
n n n n 
o > ' c > 
J I 
o o o 
> > »?• 
O O ft, 
« c c 
c c c 
c a c 
o c c 
o o o 
n n 
> > 





>> > o 
-J 
n j n ' o 
C c c 
c c c 
c c c 
n o c 
> > o 
> > c 
o o o 
> ; • • • > '' > • 
o o o 
c c c 
c e o 
c c c 
c c c 
o o n 
n o n n n o n n n o n n o o n o n n n 
c c l > > > c > > ^ > > > o o i c : c c : c c 
- I ' i „ . _ n i 
o o o o o o o n t o o r j o o ' c o n o c o 
' 'V'-' , *!' •• rnJ "I ' 
o n t n ' o ^ ' o o n 9 r v o j o o > 0 0 O CJ~© o 
o o n o o c c c c c c c c c o o o o o c 
d c c c c c c c c c c c c c c c c c c > 
c c c c c c c c c c c c c c c c c c c c 












c c c 
> > > 
c c c 














o u u 
p p p 
p p p 
p p p 
» D, P 
o o o 
^ '< 'V 
p
 r o _ u 












° I P" 
p.- * < 
< < 





P O P 
p p p 





U O U V 
p p p p 
p p p p 
P O P p 
u o u 
p p p 
p p p 
u u u 
o o o u U O U U P 
i j p ; 
' • < 
































Q o ' P ' p ~ . 
i — x , 
W O i p I u 
< ' <;< 
p>> P * -jSJ 
U (/' J 
P O P U P O P U P P P P O 
P P P P P P P P P P P P O < 
U P O P O O U P O O P P O O 
j | » " ; y < p ; 
9, 
"of 
u o u u 
< < < < 
D O ID D 
< < < < 
u o o 
< < < 
D D D 
< < < 
:p |o_pp;p, 
<P ",«; ^jp
 r P 7 P ' 
O o O O O 
r i " 
u j u u u u 











CJ O O O U CJ 
p < p j . JJ p p p < p p p p p p 












p i ' p 
o o 
< < 
< < < 
o o o 
p p p 
< < < 
O O P 
» p p 
U (J U 
< < < 
< < < 
o o o 
p p p 
a P o 
O O P 
p p p 
113 - p p 















< < < < < < < < < 
o o o o o o o l o ' o 
p p p p p p p , p p 
O O O O O ] O i O O O 
o < •< < •< I < i < I < [ •< 
w v*/ 1 3 h^" . >-^  ' 1*3'"^  •M' ^ ]]-/ 
I I 
p o o o p ' ( p | o o o 
p •'• 























< I < 


























































































































































































































< * D 
P O 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































^ „ ' 
O 











































































































































































p p ) 
< <i 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































> > > > 
I 1 
o n i o i n 
">' >-. o 
C MS C 
> c > 
c > > 
> > > 
O ; O'J O 
> £ : > 
> > . > 
> • > 
c c c 
c c c 
> > > 
| o ho 
> > > 
£ <i-] o 
> o i > 
>'•>.' c 
c | c c 
> c c 










> j > 







> > > > > > 
a a a a c a 
> > > > > > 
> > > > > > 
> > > > > > 
c c c c c c 
o > n I > I o : o > > 
> > o 
a. .;.c 
> > © c > 
e s c o o 
> c o > > c o o c o o o > > 


















> : > 
> > 




> > > > > 



















o o n 
c c c 
n n n 
o > o 
c c c 
c c c 
o o o 
ftjc c 
«-»£).'; c 
C | « c 
'ct *-*£ , G 
a a o 
> > > 
o > o 
> a > 
> > > 











c ' c 
r j 
































c I e ' 
c c 























c i c 



































































c e ^ 
c / c ; 















O : O 
G C 
C ..C 
C . C 
c c' 







n n n 
c c c 
o n n 
o n o 
c e o 
o n n 
> ^ 
t i f ' 
( A 









G C C 
C C C 
O O O 
> > > 
> > > 
o o o 
a o o 
> > > 
n o n 
c c c 
c c c 
n n o 
> > > 
> > > 
o o o 
a a > 
> > > 






















> > > > 
> > > > 
> > > > 
n o o n 
c c c c 
G-; c o n 
n : o o o 
a 4^  .«rj c 






C ' G 
c c c i.c 
C C G C 
O O O O 
o o > o 
> > > > 
o o o o 
> > > > 
> > > > 










o a \ 
c c 
.t<d G 
.e f G 





















U ' O 
• » ' 3 























































































J '-^t/ 3?^ 
u u o 
3 3 3 O 
3 3 3 3 





9- l JJ 
<4? < ( 




--U U U 







3 3 < < 
< < < < 
< < < < 
O O O O 
1 1 1 1 
3 3 3 » 
O O O ' ©. 
O < O < 
3J3 *>;& 


















*0"> U U U U CJ O CJ 
i;B>:i 0 3 3 3 3 3 3 3 
•P ' 3 3 3 3 3 3 3 3 















'< <"'M<* <'"<,'< 
^ / > > 
rO 3 3 3 * 3 D 3 
Xi ' a = y - •!>"* o 3 3 
o o u o u u u 
< < < < < < < 
3 < 3 3 3 3 3 3 3 
< < < < < < < < < 
< < < < < < < < < 










3 3 3 3 3 3 3 3 
O O O O 0 , 0 © 13 
J 3 | 3 3 , 3 3 3 D 3 
off a o o o o o o-
i 






































o o . 
< < 
3 p 








, \ ' ; ! ' -^»#| "' 




S O U U O D ^ D 
D D D D D Z J D D 
U 2 D P D D D 3 
o U | 5 
3 3 ! t ( 
o < f <t 
3 D 3 
W ts'% 
f n - , f f 
a < 3
 t jf < ^ 
O 3 W 
u o < 
- < < 
< 3 3 
< < < 
fr vf" 
d u O 
3 3 3 
3 





O jC <, •-<*,< 
1 "***! 
< , 3 O O 
o u o a 
Q l U O u 
3 3 3 3 
< < < < < < < 
< < < < < < < < 3 3 
< < < < < < o o < < 
a o < 
3 3 O 
o o a 3 
S £. 3 3 
3 < < 
3 3 3 
< < | O i J » o t S | o e o o 
r ,, j i j . -
o ,'< ; <.i < • < <.j o : < 1 o o 
O i < 3 1 3 3 S j D 3 3 3 
O i O O O sj U 






















































u u u 
3 3 3 
3 3 3 
3 U U 
r j ir-; 
o o so 
o u u 
3 3 3 
3 3 3 




3 o 3 
— 1 1 . 
u u u 
< < < 
3 < 3 
< < < 
3 < O 
< O < 
O 3 O 
3 3 3 
0 ' O ' O 
< o ! < 
3 3 3 














U ' 3 3 
u u o 
< < <. 
3 3 3 
< < < 
-
o o o 
< < < 
o a o 
3 3 3 
o o o 
< < < 
3 3 3 









































I 1 " 
D | U 
P ' Pt 
( i, 









O r D 



















































































Ur / » • P 
3 pfe 
U U P 
< o u 
p p p 
u u u 
< < < 
< < < 
< < < 
© 
1 
p P 1 p 
< < 1 •< 
< < < 
< '<ej < 
r j 
u ' © { o 






































































































































































































































































U P p 
P O O 
P O O 
u p p 
liil 
p p j ] p 
o | < o 
p < < 
U U U 
o u u 
< < < 
p p p 
< < < 
u < < 













u o o 





















































































.y. ^ I j " * 1 
p 
p P p p 
p p p p 







t ^ _, J 
" W w | . " 
• a i t p 
4tto 
-





< < < p 
< < < < 
p < p 
< < < < 
o o o 




 ( O | D 
ss «: ) <: | o 
a'.lt> 



















> s p 
a-
r 





















P P P P P P 
P P P P P P 
P P P P P P 
U U U U U U 
-
- --
c, ^< *- -*, 
t. J O O 
I ) O U 
u u u u u u 
" - < < < < < 
p p p p p p 
< < < < < < 
< < < < < < 
o o o o o o 
p p p p p p 
© o © o o © 
o o o o o a 
3 a G> p D p 
P & p D P P 






































































































 0 u V u u 

































































































































C c c c c c c c c 






c c c c CK
 














































































































































































C G C C C C C , C C <2 & 
> ! n '.©• o a ft o f.0 0 '<*•. '^ 
0 <s o 0 o 0 0 1 <s d c c 
o o I e- - c a c c )'«' 0- n 0 
i 
> > > > > > > ^ - - ' > . > • . > • 
c c c c c c c c 
n n o o n o o o n o o o 
c c c c c c c c > c : c c 







n n n n n 
c c c c c 
o o n n 








c c c c c c c c c e c c c c c 
> > > > > > > > > > > > > c c 
c c c c c c c c c c c c c 






,C 0 O o ^ > > > > f c . > v , 
' o o > e s > 0 0 » 0 o 
e e 






r: c c n c c: n a c 
> c > > c e c c c 
c c 

























> > > > o o o o o > > 
> > > > > > > > > c c 
> > > > > > > > > > > 























MW W ^ ^ P W 
>£> */#•,, > 
C *2 <2 ' >C C 




o c o o e c c c c 
> > ; > : > > > > > > I > I 
> c > > c c c c c c 
o o o o o o o o o l o 




o o o o o o o 
< < < < o < < 
< < < < < < < 





; < , * * / j . *•'•*• * • ! > - • 
© ' i$ p 3 £>,<*& 
J
o o; h o <s- < 
-"'- A f'% «< 
' » p „ p ] < f a o 
< < 
°<&, 
3 3 3 
U U u 
< < < 
o o a o o o 
3 3 3 3 3 3 
< < < < < < 
3 3 3 3 3 3 
a la 



















< O < 
< < < 
< < < 
V < S> 
1 
< , e © 
! r -
o i o j o 
3 3 3 
O O 
< O < 
< < < 
< < < 
o a o 
< < < 
< < < 
< < < 
< < < 
o o o o 
< < < < 
< < < < 
< < o o 
3 P 3 | 
o „»''e 
»' » p_ 
p , 3 p 
0 S> O 
'cri o ' « f 
< < < 
3 3 3 
< < < 
o o o 
3 3 3 
< < < 













p, p D^ 
o? < k 
4
 " A. ~ fc 
c? © 6 ' 
o o o o 
3 3 3 3 
< < < < 
3 3 3 3 
3 3 3 
U U U 
< < < 
3 3 < 
O O P 
< < 3 
O O O 
3 3 3 
3 3 3 3 3 3 3 3 3 3 3 3 3 
U U U U U U U U U U O U CJ 
< < < < < < < < < < < < < 
< < < < I 3 < 0 3 3 3 3 3 0 
3 J O O U O O | 3 i O U U U O O 
o o y u o o u o o a o ! 1 © o 


















































































































































































































































































































































































































































































































































































































































































































































C j G 
r, 11*> 
| 
* • ! > 








































c KZ [ a 
i i 
> > i > 
<S | e ' c 




o n o 
c c c 
c c c 
























o > o 
> > > 
> o > 
o o 












































































































































































































c i c-'. a 
o n n 
_-
! 
c > > 
c o n 
_ > ; > i C j 
> > > 
c o o 
c c c 
c c c 
> > > 
~~1 
« ; c c ! 
o o o 








* < ; ^ 
^ h j * . 
o > o 
c > > 
> > > 






























































































> > > 
o o o 
c c c 
-
c c c 
> > > 
c c c 










> > > 
> > > 
> > > 
o o o 
































































































































































> c > 
n o n 
o o c 
> > > 
> o o o > 
c c c c e 
c > c c c 
1 
c c c c c 













c c c 
o o o 
























O pO«, Si 1 O 
> O C C f > ; 
c > > o o 
> > > > > 
> a > > > 
a o o o 





































































































































c a"; c c c c 
O O. • O o ; » ' o 
> . > j > > . if-;; a 
o /a, 
• i 
> ! o, 




> > > > 
> > > > > > 
o o o o o o 
c c c c c c 
c c c c c c 
-
c c c c c c 
c c c c c c 
c c c c c c 
o o o o o o 
> o > > > > 
r I 
O 0 * Ci 0 * <^  - O 
f - f 
C ' G ^ C C " p i O 
O © ^ Q £5 "C& O 
O <E> ] O C C O 
o n o o o n 
> > > > > > 
> > > > > > 






















c c e 













o c :'o jii 
> c IjiS^f!.; 
Li_—iiL 
> > > > 
o o o o 
c c c c 
c c c c 
1 
„ 1 
c c c c 
c c c c 
C C C G 
o o o a 
> 1 J» . ff. $,* 
r ' >_ 
O O S> O; 
O O „£__ <q 
Q 0 | * 
o c t > 
c 
> 
o o o o 
> > > > 
> > > > 




















c c C c 
n o n n 
> > > > 
o o o o 
> > > > 
> > > > 
n o o n 











































c i > 
> > 
c c c c c c c c c c c c c c 
c e e d c c c .;<s; 
' c c c a c c ; c,..;«t 
C ' >.-.->• > > > > ' > . ' > ' 
o o o a > 
> , C C | > > > > ic....;e;;|^..j>. 
> l > > o > > > > > >. > 
c e c c c 









































































































c c c 




o I c 
!' 
c . c 
> ' • " > 
o o 




















< ? • 
c .' js'; 
e • o ' 
c c 













3 C IS 
c o *• 
> p> :> 
w. C: — 
rt *•* c rv /** 
C I C ! C 
1 I . 
o o o 
o o o o n n n o o n o n o 






























c c c c; 
c | e I c c 
—' 1 
- c-.-j c c 
I I 
ft
 ( o j o o 
> 1 > j > ' > 
c c c , c! 
f 
> > > > 
n o o n 
> > > > 
> > > > 
> > > > 
> > > > 
a a a a 
c c c c 
c c c c 
o o o o 
o o o o 
c c c c 
> > o o 
c c c: 
c c c 
c c c 
O Q O 




> > > 
> > > 
> > > 
> > > 
o o o 
c c c 
c c c 
o o o 
o o o 


















































> : > i 
> I > 
































































c e c £ C 
o .,« « a1 ft a. 
> PS»- > > s» > 
<a ijt o o «? a 
c c c c c 
o o o o o 
o,c,e c] 
> 61 © O • 
I 
cj, c c c c 
o o o 
> > > C C C O C C C C C C C C C t5|3;VJ>- . > > > 
o n o c c > > > > > > > > > > > o > o > > 
> > > > > c c c c c c c c c c c > > > > > 
> > > > > o o o o o o o o c i o o > > > > > 
> > > o o o o o a o 
> > > 
o o o 
o o o 
c c c 
o o o 
c c c 
c c c 
o o c 





















































































































































































































































 0 V V V V 0 u
 




V y V V
 V u V V
 V V V
 













c c c c c c c












































































c y u w
 
;V
























































































 A- A A A A A A A A A 




























 A- |c c






































































































































































































































































































































































































































































 V c 
.
J:




















































































































































































































































































































































































































































































t,_ * • • 
O 
< ' O < O 
= • « , < < 
< ' < o < 
o 
o o o < 
< < < < 









P < < < 















<: < < < 






o o o 
< < < 
< < < 
o o < 
<\ 
'o 
'o o a 
p p p 
< < a < o o o o o o < o < < o o o < < o o 
<< lit < < -K] < < < < < < ^ < < < < < < < < 
< < h< T~V_ • < , - 4 | < < 1 < < U < 0 0 < < < 0 0 < < 
-<!* < 0 - % J3 O O O N*i ,W 
0 0 < < £ 0 < 0 < * 4 " " * 
3 P o a o o p p ,"p o 
0 < < < 3 p p o | S ; 0 
o o o o o o o o o o 
P P P P P P P P P 3 
< < < < p p p 3 3 p 
P P 3 P P P P P P P 
U O P < | O O O < : - « O O , 
j j 
< < P P « : < : < O O < < 
< O P P O O O P P O O 
O, P O j < i3 3 p < • 3 D 
U O O U O D < 
O O O O O O O 
~<j 3 •< **<& 
o i o-jBa! 
p : P Vim p p p p p P p 
S - p < < < < < < < < < 









P I E> 
P P P 
P P o 
u u < 
< < \ < 
p » [ U 
< < I < 
p < < < < 








P P P 
P P U 
< < < 































u u u u u u 
3 3 0 < P P 3 3 3 P 
— I 
U U P < P P O O r P ' < 
! 
< < < U < < < < < < 1 < 
i 
U U ' D P P D P P P P 
p p p ' - p p a ' p p g p 
< < » - p p p p p a p 
O L) O U < CJ O U O U 


























































































~ c e. j 
f o . c 
*» i > > 
<= d ! o j 
»• > > 
o > o 




a • a 
> > 
o o 











c c c c c c c c 
> >; > 
> > > > 
o o o o 
n o o n 
> > > > 
o n n o 





























c c c 
> > > 
c c c 
a a a 
o -^o o J 
O O C3 
-/ - , 
> >• > 
a o o 
> > > 
> > > 
> > > 
c: c c 
> > > 
e c c 





c c c c 
> I > >• > > 
C e c "S 
> > > > 
d c 





o n o n n d o 
c c c c c c c 
> c > > 
c c 
o r> 
C ' c 
d ; c 
c '; • 
> > \ 





« , o 
9*i > 
o o o 
> > > 
> > > 







d c c d c 
> d d d d 
sll>V.£ft' 
> o > o o 
o > > > > 
> > > > > 












































































^ ' , ^ ' , ; : ' ^ X i ; ^ 1 
25
4 
RE
SU
M
E 
Ta
bl
ea
u
 
11
 
Th
e 
ps
eu
do
kn
ot
 
po
te
nt
ia
l f
or
 
ea
ch
 
va
ria
nt
.
 
Fo
r 
ea
ch
 
po
la
rit
y 
o
f e
v
er
y 
PL
M
V
d 
v
ar
ian
t, 
lie
 
n
u
m
be
r 
of
 
n
u
cle
ot
id
es
 
im
pl
ica
ted
 
in
 
a 
po
te
nt
ia
l p
se
ud
ok
no
t b
etw
ee
n
 
th
e 
lo
op
s 
1 
an
d 
11
 
is 
in
di
ca
ted
.
 
Th
e 
bl
ue
 
co
lo
r 
in
di
ca
ted
 
th
e 
pa
iri
ng
 
of
 
fiv
e 
o
r 
m
or
e 
co
ns
ec
ut
iv
e 
n
u
cle
ot
id
es
 
in
 
th
e 
ps
eu
do
kn
ot
,
 
gr
ee
n
 
co
lo
r 
fo
ur
 
n
u
cl
eo
tid
es
,
 
or
an
ge
 
th
re
e 
n
u
cle
ot
id
es
 
an
d 
:ie
 
re
d 
co
lo
r 
n
o
 
ps
eu
do
kn
ot
.
 
In
 
th
e 
m
id
dl
e, 
th
e 
co
m
pl
et
 
po
ten
tia
l 
fo
r 
ev
er
y 
v
ar
ian
t 
ar
e 
in
di
ca
ted
.
 
V
ar
ian
t 
3 L
M
V
d.
03
4 
3 L
M
V
d.
03
7 
3 L
M
V
d.
03
5 
? L
M
V
d.
03
8 
3 L
M
V
d.
04
0 
3 L
M
V
d.
05
3 
3 L
M
V
d.
00
1 
3 L
M
V
d.
09
9 
3 L
M
V
d.
00
2 
:3
LM
V
d.0
03
 
3 L
M
V
d.
09
5 
J L
M
V
d.
05
8 
?»
LM
Vd
.06
0 
3 L
M
V
d.
05
9 
3 L
M
V
d.
06
1 
(-)
 
' 
6;
*
 
6 
j 
6 
J 
6 
1 
(+)
 
9
\ 
-
 
*
ffl^
»~
Jl 
,
-
*
 
\ "
 
•
 
i:6
 
6 
: '
-
 
.
-
 
6 
6 
-
-
•
"
:'v
.
 
6 
6 
_
L
L
1 '
%
 
V
ar
ian
t 
PL
M
V
d.0
34
 
PL
M
V
d.0
37
 
PL
M
V
d.0
35
 
PL
M
V
d.0
38
 
PL
M
V
d.0
40
 
PL
M
V
d.0
53
 
PL
M
V
d.0
01
 
PL
M
V
d.0
99
 
PL
M
V
d.0
02
 
PL
M
V
d.0
03
 
PL
M
V
d.0
95
 
PL
M
V
d.0
58
 
PL
M
V
d.0
60
 
PL
M
V
d.0
59
 
PL
M
V
d.0
61
 
PL
M
V
d.
00
4 
PL
M
V
d.
09
7 
PL
M
V
d.
09
6 
PL
M
V
d.
09
8 
PL
M
V
d.
05
6 
PL
M
V
d.
05
7 
PL
M
V
d.
04
1 
PL
M
V
d.
25
1 
PL
M
V
d.
25
3 
PL
M
V
d.
25
7 
PL
M
V
d.
19
0 
PL
M
V
d.
25
2 
PL
M
V
d.
25
6 
PL
M
V
d.
19
3 
PL
M
V
d.
20
5 
PL
M
V
d.
27
8 
PL
M
V
d.
20
4 
PL
M
V
d.
24
4 
PL
M
V
d.
24
5 
PL
M
V
d.
25
4 
PL
M
V
d.
25
5 
PL
M
V
d.
22
0 
.
 
PL
M
V
d.
22
2 
PL
M
V
d.
30
6 
PL
M
V
d.
05
0 
PL
M
V
d.
05
2 
1 
PL
M
V
d.
23
5 
PL
M
V
d.
24
2 
PL
M
V
d.
23
9 
PL
M
V
d.
19
2 
i 
| 
PL
M
V
d.0
04
 
I 
-
 
PL
M
V
d.0
97
 
#
•
 ,
 
PL
M
V
d.0
96
 
v4
 
PL
M
V
d.0
98
 
I 
PL
M
V
d.0
56
 
I 
PL
M
V
d.0
57
 
-
,
 
PL
M
V
d.0
41
 
£ 
PL
M
V
d.2
51
 
3 
PL
M
V
d.2
53
 
s 
PL
M
V
d.2
57
 
? 
PL
M
V
d.1
90
 
: 
PL
M
V
d.2
52
 
J 
PL
M
V
d.2
56
 
*
 
PL
M
V
d.1
93
 
PL
M
V
d.2
05
 
PL
M
V
d.2
78
 
I 
PL
M
V
d.2
04
 
i 
PL
M
V
d.2
44
 
j 
PL
M
V
d.2
45
 
PL
M
V
d.2
54
 
PL
M
V
d.2
55
 
PL
M
V
d.2
20
 
PL
M
V
d.2
22
 
PL
M
V
d.3
06
 
j 
PL
M
V
d.0
50
 
PL
M
V
d.0
52
 
PL
M
V
d.2
35
 
PL
M
V
d.2
42
 
PL
M
V
d.2
39
 
PL
M
V
d.1
92
 
PL
M
V
d.2
43
 
PL
M
V
d.
23
3 
PL
M
V
d.
20
0 
PL
M
V
d.
20
2 
PL
M
V
d.2
01
 
PL
M
V
d.2
92
 
PL
M
V
d.2
03
 
PL
M
V
d.1
97
 
PL
M
V
d.2
94
 
PL
M
V
d.2
95
 
PL
M
V
d.
20
9 
PL
M
V
d.2
61
 
PL
M
V
d.
19
8 
PL
M
V
d.2
10
 
PL
M
V
d.
25
9 
PL
M
V
d.2
11
 
PL
M
V
d.2
75
 
PL
M
V
d.2
08
 
PL
M
V
d.0
36
 
PL
M
V
d.2
60
 
PL
M
V
d.0
46
 
PL
M
V
d.0
49
 
PL
M
V
d.0
48
 
PL
M
V
d.1
91
 
PL
M
V
d.2
98
 
PL
M
V
d.0
51
 
PL
M
V
d.1
16
 
PL
M
V
d.2
89
 
PL
M
V
d.2
91
 
PL
M
V
d.2
41
 
PL
M
V
d.2
43
 
PL
M
V
d.
23
3 
PL
M
V
d.2
00
 
PL
M
V
d.
20
2 
PL
M
V
d.2
01
 
PL
M
V
d.2
92
 
PL
M
V
d.2
03
 
PL
M
V
d.1
97
 
.
 
0 
(i 
A 
f«
 
PL
M
V
d.2
94
 
PL
M
V
d.2
95
 
PL
M
V
d.
20
9 
PL
M
V
d.2
61
 
PL
M
V
d.1
98
 
PL
M
V
d.2
10
 
PL
M
V
d.
25
9 
PL
M
V
d.2
11
 
PL
M
V
d.2
75
 
PL
M
V
d.2
08
 
PL
M
V
d.0
36
 
PL
M
V
d.2
60
 
PL
M
V
d.0
46
 
PL
M
V
d.
04
9 
PL
M
V
d.0
48
 
PL
M
V
d.1
91
 
PL
M
V
d.2
98
 
PL
M
V
d.0
51
 
PL
M
V
d.1
16
 
PL
M
V
d.2
89
 
PL
M
V
d.2
91
 
PL
M
V
d.2
41
 
25
7 
PL
M
V
d.
30
0 
FL
M
V
d.2
07
 
?L
M
V
d.
04
7 
;3 L
M
V
d.
22
1 
PL
M
V
d.1
94
 
FL
M
V
d.1
96
 
?L
M
V
d.
l9
5 
?L
M
V
d.
28
8 
?L
M
V
d.
22
6 
3 L
M
V
d.
22
7 
?L
M
V
d.
22
4 
?L
M
V
d.
22
5 
?L
M
V
d.
22
8 
PL
M
V
d.2
31
 
?L
M
V
d.
22
9 
:3
LM
V
d.
23
0 
?L
M
V
d.
00
5 
?L
M
V
d.
00
6 
?L
M
V
d.
07
4 
?L
M
V
d.
07
6 
?L
M
V
d.
07
7 
3 L
M
V
d.
06
6 
3 L
M
V
d.
01
0 
:3
LM
V
d.
01
1 
3 L
M
V
d.
00
8 
?L
M
V
d.
00
7 
3 L
M
V
d.
00
9 
3 L
M
V
d.
06
3 
;3 L
M
V
d.
06
2 
3 L
M
V
d.
06
5 
~
n
d 
<S 
• 
•'
"
*
.;.
 
7 
6 
-
.
^
si
Jk
L 
PL
M
V
d.3
00
 
PL
M
V
d.2
07
 
PL
M
V
d.0
47
 
PL
M
V
d.2
21
 
PL
M
V
d.1
94
 
PL
M
V
d.1
96
 
PL
M
V
d.1
95
 
PL
M
V
d.2
88
 
PL
M
V
d.2
26
 
PL
M
V
d.2
27
 
PL
M
V
d.
22
4 
PL
M
V
d.2
25
 
PL
M
V
d.2
28
 
PL
M
V
d.2
31
 
PL
M
V
d.2
29
 
PL
M
V
d.2
30
 
PL
M
V
d.0
05
 
PL
M
V
d.0
06
 
PL
M
V
d.0
74
 
PL
M
V
d.0
76
 
PL
M
V
d.0
77
 
PL
M
V
d.0
66
 
PL
M
V
d.0
10
 
PL
M
V
d.0
11
 
PL
M
V
d.0
08
 
PL
M
V
d.0
07
 
PL
M
V
d.0
09
 
PL
M
V
d.0
63
 
PL
M
V
d.0
62
 
PL
M
V
d.0
65
 
PL
M
V
d.
06
4 
PL
M
V
d.
06
8 
PL
M
V
d.
01
3 
PL
M
V
d.
08
8 
PL
M
V
d.
08
6 
PL
M
V
d.
09
3 
PL
M
V
d.
07
0 
PL
M
V
d.
01
2 
PL
M
V
d.
06
7 
PL
M
V
d.
09
0 
?L
M
V
d.
07
8 
?L
M
V
d.
07
1 
?L
M
V
d.
01
4 
PL
M
V
d.
06
9 
PL
M
V
d.
01
6 
?L
M
V
d.
07
5 
PL
M
V
d.
07
9 
PL
M
V
d.
08
0 
PL
M
V
d.
09
2 
3 L
M
V
d.
02
1 
:3
LM
V
d.
08
7 
PL
M
V
d.
11
0 
PL
M
V
d.
ll
l 
3 L
M
V
d.
l0
8 
3 L
M
V
d.
l0
9 
3 L
M
V
d.
01
5 
5 L
M
V
d.
l4
4 
?L
M
V
d.
l4
6 
3 L
M
V
d.
l0
3 
3 L
M
V
d.
l0
4 
•
 
' 
< 
' 
, 
K 
' 
'
<
 
r>
 
, 
-
.
 
1 
^
 
-
 
, 
-> 
*
 
T 
.
,
 
PL
M
V
d.
06
4 
PL
M
V
d.
06
8 
PL
M
V
d.
01
3 
PL
M
V
d.
08
8 
PL
M
V
d.
08
6 
PL
M
V
d.
09
3 
PL
M
V
d.
07
0 
PL
M
V
d.
01
2 
PL
M
V
d.
06
7 
PL
M
V
d.
09
0 
PL
M
V
d.
07
8 
PL
M
V
d.
07
1 
PL
M
V
d.
01
4 
PL
M
V
d.
06
9 
PL
M
V
d.
01
6 
PL
M
V
d.
07
5 
PL
M
V
d.
07
9 
PL
M
V
d.
08
0 
PL
M
V
d.
09
2 
PL
M
V
d.
02
1 
PL
M
V
d.
08
7 
PL
M
V
d.
11
0 
PL
M
V
d.
11
1 
PL
M
V
d.
10
8 
PL
M
V
d.
10
9 
PL
M
V
d.
01
5 
PL
M
V
d.
14
4 
PL
M
V
d.
14
6 
PL
M
V
d.
10
3 
PL
M
V
d.
10
4 
25
9 
PL
M
V
d.1
05
 
PL
M
V
d.
10
6 
PL
M
V
d.1
07
 
PL
M
V
d.1
00
 
PL
M
V
d.1
15
 
PL
M
V
d.
11
4 
PL
M
V
d.1
13
 
PL
M
V
d.1
12
 
?L
M
V
d.
l2
6 
PL
M
V
d.
12
9 
PL
M
V
d.1
31
 
PL
M
V
d.1
38
 
PL
M
V
d.1
39
 
PL
M
V
d.1
35
 
PL
M
V
d.
16
8 
PL
M
V
d.1
69
 
PL
M
V
d.1
66
 
PL
M
V
d.1
65
 
PL
M
V
d.1
71
 
3 L
M
V
d.
l6
7 
?L
M
V
d.
02
5 
?L
M
V
d.
02
6 
PL
M
V
d.0
33
 
PL
M
V
d.0
28
 
:3
LM
V
d.0
72
 
3 L
M
V
d.
09
4 
PL
M
V
d.0
27
 
PL
M
V
d.0
29
 
PL
M
V
d.0
30
 
3 L
M
V
d.
03
1 
-
L5
3 
6 
\ 
6 
\ 
\*
 
-
"J 
EL
 
PL
M
V
d.1
05
 
PL
M
V
d.1
06
 
PL
M
V
d.1
07
 
PL
M
V
d.1
00
 
PL
M
V
d.1
15
 
PL
M
V
d.
11
4 
PL
M
V
d.1
13
 
PL
M
V
d.1
12
 
PL
M
V
d.1
26
 
PL
M
V
d.1
29
 
PL
M
V
d.1
31
 
PL
M
V
d.1
38
 
PL
M
V
d.1
39
 
PL
M
V
d.1
35
 
PL
M
V
d.1
68
 
PL
M
V
d.
16
9 
PL
M
V
d.1
66
 
PL
M
V
d.1
65
 
PL
M
V
d.1
71
 
PL
M
V
d.1
67
 
PL
M
V
d.0
25
 
PL
M
V
d.0
26
 
PL
M
V
d.0
33
 
PL
M
V
d.0
28
 
PL
M
V
d.0
72
 
PL
M
V
d.
09
4 
PL
M
V
d.0
27
 
PL
M
V
d.0
29
 
PL
M
V
d.0
30
 
PL
M
V
d.0
31
 
?L
M
V
d.
03
2 
?L
M
V
d.
09
1 
;3 L
M
V
d.
07
3 
?L
M
V
d.
08
1 
:3
LM
V
d.
l2
2 
:3
LM
V
d.
l3
7 
3 L
M
V
d.
l4
2 
?L
M
V
d.
l4
1 
FL
M
V
d.1
51
 
?L
M
V
d.
l7
0 
?L
M
V
d.
l5
0 
?L
M
V
d.
l4
9 
?L
M
V
d.
l8
6 
?L
M
V
d.
l4
8 
^
LM
V
d.O
lS
 
?L
M
V
d.
01
9 
:3
LM
V
d.
02
3 
3 L
M
V
d.
01
7 
?L
M
V
d.
02
0 
?L
M
V
d.
02
2 
?L
M
V
d.
08
5 
3 L
M
V
d.
08
3 
3 L
M
V
d.
08
4 
5 L
M
V
d.
08
9 
FL
M
V
d.0
82
 
?L
M
V
d.
l4
5 
:3
LM
V
d.
l4
7 
PL
M
V
d.1
01
 
?L
M
V
d.
l7
2 
?L
M
V
d.
l7
3 
*
.
 
-
§ 
' 
6 6 ;1
 
€
 
.
6, 
•
 
; 
/ 
-
.
 
r:
 
PL
M
V
d.0
32
 
PL
M
V
d.0
91
 
PL
M
V
d.
07
3 
PL
M
V
d.0
81
 
PL
M
V
d.1
22
 
PL
M
V
d.1
37
 
PL
M
V
d.1
42
 
PL
M
V
d.1
41
 
PL
M
V
d.1
51
 
PL
M
V
d.1
70
 
PL
M
V
d.1
50
 
PL
M
V
d.1
49
 
PL
M
V
d.1
86
 
PL
M
V
d.1
48
 
PL
M
V
d.
01
8 
PL
M
V
d.0
19
 
PL
M
V
d.0
23
 
PL
M
V
d.0
17
 
PL
M
V
d.
02
0 
PL
M
V
d.0
22
 
PL
M
V
d.0
85
 
PL
M
V
d.0
83
 
PL
M
V
d.
08
4 
PL
M
V
d.0
89
 
PL
M
V
d.0
82
 
PL
M
V
d.1
45
 
PL
M
V
d.
14
7 
PL
M
V
d.1
01
 
PL
M
V
d.1
72
 
PL
M
V
d.1
73
 
PL
M
V
d.
17
6 
PL
M
V
d.
17
8 
PL
M
V
d.
17
4 
PL
M
V
d.
17
7 
PL
M
V
d.
17
5 
PL
M
V
d.
12
8 
PL
M
V
d.
10
2 
PL
M
V
d.
13
0 
PL
M
V
d.
13
4 
PL
M
V
d.
13
3 
PL
M
V
d.
14
3 
PL
M
V
d.
15
2 
PL
M
V
d.
15
3 
PL
M
V
d.
15
7 
PL
M
V
d.
16
1 
PL
M
V
d.
16
2 
PL
M
V
d.
15
8 
PL
M
V
d.
12
7 
PL
M
V
d.
16
4 
PL
M
V
d.
15
4 
PL
M
V
d.
15
6 
PL
M
V
d.
15
5 
PL
M
V
d.
16
3 
PL
M
V
d.
15
9 
PL
M
V
d.
16
0 
PL
M
V
d.
12
1 
PL
M
V
d.
11
8 
PL
M
V
d.
12
3 
PL
M
V
d.
11
9 
?L
M
V
d.
ll
7 
_
.
 
_
 
d 
,7
 
6 
•
 
_
 
'-
.
6 
-
 
>
 
6 
,
 
;;6
„
 
.
 
.
6 
3 
'1
 
-
»
r 
i 
-
A
 
~
?
P
' 
7 
:•
 
PL
M
V
d.
17
6 
PL
M
V
d.
17
8 
PL
M
V
d.
17
4 
PL
M
V
d.
17
7 
PL
M
V
d.
17
5 
PL
M
V
d.
12
8 
PL
M
V
d.
10
2 
PL
M
V
d.
13
0 
PL
M
V
d.
13
4 
PL
M
V
d.
13
3 
PL
M
V
d.
14
3 
PL
M
V
d.
15
2 
PL
M
V
d.
15
3 
PL
M
V
d.
15
7 
PL
M
V
d.
16
1 
PL
M
V
d.
16
2 
PL
M
V
d.
15
8 
PL
M
V
d.
12
7 
PL
M
V
d.
16
4 
PL
M
V
d.
15
4 
PL
M
V
d.
15
6 
PL
M
V
d.
15
5 
PL
M
V
d.
16
3 
PL
M
V
d.
15
9 
PL
M
V
d.
16
0 
PL
M
V
d.
12
1 
PL
M
V
d.
11
8 
PL
M
V
d.
12
3 
PL
M
V
d.
11
9 
PL
M
V
d.
11
7 
PL
M
V
d.
12
5 
PL
M
V
d.
12
5 
PL
M
V
d.
13
2 
PL
M
V
d.
12
4 
PL
M
V
d.
13
6 
PL
M
V
d.
14
0 
PL
M
V
d.
02
4 
PL
M
V
d.
18
9 
PL
M
V
d.
18
5 
PL
M
V
d.
18
7 
PL
M
V
d.
18
8 
PL
M
V
d.
12
0 
PL
M
V
d.
18
3 
PL
M
V
d.
18
1 
PL
M
V
d.
18
2 
PL
M
V
d.
18
4 
PL
M
V
d.
29
9 
:3
LM
V
d.
23
4 
?L
M
V
d.
25
Q 
PL
M
V
d.
24
7 
?L
M
V
d.
24
8 
PL
M
V
d.
04
2 
PL
M
V
d.
24
9 
:3
LM
V
d.
3Q
8 
?L
M
V
d.
3Q
7 
3 L
M
V
d.
Q4
3 
3 L
M
V
d.
Q4
4 
?L
M
V
d.
Q4
5 
:3
LM
V
d.
29
3 
3 L
M
V
d.
3Q
5 
:3
LM
V
d.
28
5 
PL
M
V
d.
13
2 
PL
M
V
d.
12
4 
PL
M
V
d.
13
6 
PL
M
V
d.
14
0 
PL
M
V
d.
02
4 
PL
M
V
d.
18
9 
PL
M
V
d.
18
5 
PL
M
V
d.
18
7 
PL
M
V
d.
18
8 
PL
M
V
d.
12
0 
PL
M
V
d.
18
3 
PL
M
V
d.
18
1 
PL
M
V
d.
18
2 
PL
M
V
d.
18
4 
PL
M
V
d.
29
9 
PL
M
V
d.
23
4 
PL
M
V
d.
25
0 
PL
M
V
d.
24
7 
PL
M
V
d.
24
8 
PL
M
V
d.
04
2 
PL
M
V
d.
24
9 
PL
M
V
d.
30
8 
PL
M
V
d.
30
7 
PL
M
V
d.
04
3 
PL
M
V
d.
04
4 
PL
M
V
d.
04
5 
PL
M
V
d.
29
3 
PL
M
V
d.
30
5 
PL
M
V
d.
28
5 
$6 
?L
M
V
d.
28
7 
l3 L
M
V
d.2
86
 
3 L
M
V
d.
29
0 
?L
M
V
d.
24
0 
?L
M
V
d.
05
4 
PL
M
V
d.2
06
 
?L
M
V
d.
05
5 
?L
M
V
d.
23
2 
?L
M
V
d.
27
6 
?L
M
V
d.
27
7 
PL
M
V
d.1
79
 
3 L
M
V
d.
l8
0 
?L
M
V
d.
21
3 
FL
M
V
d.
21
4 
PL
M
V
d.2
15
 
:3
LM
V
d.
21
2 
PL
M
V
d.
19
9 
,3
LM
V
d.
22
3 
^
LM
V
d.
26
9 
?L
M
V
d.
27
1 
PL
M
V
d.3
03
 
?L
M
V
d.
30
4 
3 L
M
V
d.
30
1 
.^
LM
V
d.2
46
 
PL
M
V
d.3
02
 
PL
M
V
d.2
96
 
:3
LM
V
d.
29
7 
:3
LM
V
d.
27
4 
?L
M
V
d.
26
3 
PL
M
V
d.2
65
 
V«
"
 
•
 
""
"
 
L
_
 
'*
*?
<*
 
u
^
^
.
 
PL
M
V
d.2
87
 
PL
M
V
d.2
86
 
PL
M
V
d.
29
0 
PL
M
V
d.2
40
 
PL
M
V
d.0
54
 
PL
M
V
d.2
06
 
PL
M
V
d.0
55
 
PL
M
V
d.2
32
 
PL
M
V
d.2
76
 
PL
M
V
d.2
77
 
PL
M
V
d.1
79
 
PL
M
V
d.1
80
 
PL
M
V
d.2
13
 
PL
M
V
d.
21
4 
PL
M
V
d.2
15
 
PL
M
V
d.2
12
 
PL
M
V
d.1
99
 
PL
M
V
d.2
23
 
PL
M
V
d.2
69
 
PL
M
V
d.2
71
 
PL
M
V
d.3
03
 
PL
M
V
d.
30
4 
PL
M
V
d.3
01
 
PL
M
V
d.2
46
 
PL
M
V
d.3
02
 
PL
M
V
d.2
96
 
PL
M
V
d.2
97
 
PL
M
V
d.2
74
 
PL
M
V
d.2
63
 
PL
M
V
d.2
65
 
PL
M
V
d.2
62
 
?L
M
V
d.
26
4 
PL
M
V
d.2
16
 
PL
M
V
d.2
17
 
PL
M
V
d.2
19
 
PL
M
V
d.
21
8 
PL
M
V
d.
26
6 
PL
M
V
d.2
82
 
PL
M
V
d.2
37
 
PL
M
V
d.2
36
 
PL
M
V
d.2
38
 
PL
M
V
d.2
72
 
PL
M
V
d.2
81
 
PL
M
V
d.2
73
 
PL
M
V
d.2
80
 
PL
M
V
d.2
70
 
PL
M
V
d.2
83
 
PL
M
V
d.2
58
 
PL
M
V
d.2
79
 
PL
M
V
d.2
84
 
PL
M
V
d.2
67
 
PL
M
V
d.2
68
 
PL
M
V
d.
03
9 
6 
I 
6 
£ 
^
 
^
^
 
6 
6 
"
T| 
PL
M
V
d.2
62
 
PL
M
V
d.2
64
 
PL
M
V
d.2
16
 
PL
M
V
d.2
17
 
PL
M
V
d.2
19
 
PL
M
V
d.
21
8 
PL
M
V
d.2
66
 
PL
M
V
d.2
82
 
PL
M
V
d.2
37
 
PL
M
V
d.2
36
 
PL
M
V
d.2
38
 
PL
M
V
d.2
72
 
PL
M
V
d.2
81
 
PL
M
V
d.2
73
 
PL
M
V
d.2
80
 
PL
M
V
d.2
70
 
PL
M
V
d.2
83
 
PL
M
V
d.2
58
 
PL
M
V
d.2
79
 
PL
M
V
d.2
84
 
PL
M
V
d.2
67
 
PL
M
V
d.2
68
 
PL
M
V
d.0
39
 
26
4 
